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Sir: 

I, JOHN R. McDONALD, declare as follows: 

1 . I am an inventor of and am familiar with the subject matter of the 
above-captioned application. 

2. I received B.Sc. and Ph.D. degrees at Napier College, Edinburgh, 
completed successful postdoctoral appointments in Canada and The United 
States before leaving academia for the biotechnology industry (Boulder CO, and 
San Diego CA). I have been involved in all aspects of the Research and 
Development process from project planning through IND filing. My research has 
focused upon growth factor signal transduction, multiple sclerosis, and the 
purification and characterization of neurotrophic factors and growth factor- 
mitotoxin fusion proteins. I have received several peer-reviewed awards and 
grants, including a US National Institutes of Health Small Business Innovation 
Research Grant. I am co-author of over fifty publications, and a named inventor 
on nine patent applications. 



U. S.S.N. 09/360,242 
MCDONALD et al. 
DECLARATION UNDER RULE 132 

3. I am a founder of Osprey Pharmaceuticals Limited, Canada, and I 
was Vice-President Research & Development and a Director at the company. 

4. I have read the Office Action, mailed February 19, 2003, that 
issued in connection with the above-captioned application. It is my 
understanding that the claims are rejected by the Examiner over Roby et al. 
(Oncology Reports 3:175-179, 1996) as being anticipated or obvious. I 
understand that anticipation requires that a reference disclose all elements as 
claimed and obviousness requires a suggestion in a reference to do that which 
applicant has done. 

5. As described below, Roby et al. does not disclose chemokine 
targeting agent-toxin conjugates that bind to chemokine receptors. The data 
and results presented in Roby et al. are inconsistent with a conclusion that its 
conjugates bind to chemokine receptors on cells and that its conjugates are 
internalized upon binding to chemokine receptors on cells. Furthermore, as 
described below, the C-terminus of chemokines, such as MSGA/GROa, is not 
responsible for receptor binding. 

Roby et al. describes a study that evaluated the feasibility of targeted 
delivery of daunorubicin to melanoma cancers cells. A C-terminal peptide from 
the CXC chemokine MSGA/GROa was conjugated to daunorubicin. As 
demonstrated below and in the attached references, the C-terminal portion of 
this chemokine does not mediate binding to chemokine receptors; the data in 
Roby et al. are consistent with this conclusion. In addition, the data in Roby et 
al. do not support a conclusion that the resulting conjugate is internalized by 
binding to receptors on melanoma cells. 

6. Analysis 

A. Expression of Chemokine Receptors on Target Cells 

IL-8, which has significant homology to MSGA/GROa, binds to the same 
receptors (see, Moser et al. (1991) J. Biol. Chem. 266:10666-10671 
Clark-Lewis et al. (1994) J. Biol. Chem. 265:16075-16081; Kim et al. (1994) J. 
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Biol. Chem. 265:132909-132915). as MSGA/GROa. Also, it is known that 
the chemokine MSGA/GROa binds to IL-8RB/CXCR2 and IL-8RA/CXCR1 with 
high and low affinity, respectively (see, e.g., Kim eta/. (1994) J. Biol. Chem. 
265:132909-132915). It also is known that many chemokine receptors 
including CXCR1 and CXCR2 are expressed on a wide variety of cancers 
including ovarian cancers. In fact, both receptors have been shown to be highly 
expressed on human SKOV-3 ovarian cancer cells (Venkatakrishnan et al. 
(2000) J. Biol. Chem. 275: 6868-6875). Hence, if the conjugate of Roby et al. 
binds to chemokine receptors for MSGA/GROa, then it should bind to SKOV-3 
cells. 

Roby et al. , however, shows that SKOV-3 ovarian cancer cells are not 
susceptible to the C-terminal peptide targeted drug (Tables I and II). Thus, the 
C-terminal peptide of MGSA/GROa does not bind to chemokine receptors. 

This result indicates that the C-terminal peptide that is used to target the 

drug in Roby et al. is not binding to an MSGA/GROa receptor, since it would 

also bind to SKOV-3 cells, which express MSGA/Groa receptors. Further, as 

discussed below, it is unlikely that the conjugate engages another 

protein/growth factor receptor and undergoes internalization in view of the 

cytotoxic kinetic data presented by Roby et al. 

B. Chemokine receptor binding and activation sites reside on 
the N-terminus and NOT the C-terminus of the molecule. 

As described in the application and known to those of ordinary skill in the 

art the chemokine superfamily is divided into four subgroups (CXC, CC, C and 

CX3C) based on the position of up to four conserved cysteine residues. Most 

chemokines belong to the CXC and CC subgroups. The different chemokines 

have between 15 and 50% identity in their primary structures, but they share 

conserved three-dimensional structures. It is their highly conserved and shared 

three dimensional structures that are responsible for receptor binding and 

function. Early structural studies were carried out with the CXC ligand, IL-8, 

which as noted above, has significant homology to MSGA/GROa and binds to 

-3- 
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the same receptors (see, Moser et at. (1991) J. Biol. Chem. 266:10666-10671 
Clark-Lewis eta/. (1994) J. Biol. Chem. 265:16075-16081; Kim et ai. (1994) J. 
Biol. Chem. 269: 1 32909-1 3291 5) . 

Subsequent studies on several chemokines confirmed the conserved 
nature of the three dimensional structure among chemokines and that subtle 
differences in the protein conformation accounts for their functional differences. 
Structurally, chemokines including MSGA/GROa, are made up a flexible 
N-terminus (up to 1 1 amino acids preceding the first cysteine) followed by a 
conformational rigid N-terminal loop region, then 3 anti-parallel beta strands and 
finally, a C-terminal alpha helix. Structural studies have established that the 
N-terminal region of all chemokines is essential for chemokine receptor binding, 
activation and internalization. The rigid loop region following the second 
N-terminal cysteine of CXC and CC chemokines is responsible for initial ligand 
interaction or "docking" with the extracellular domain of the receptor which 
facilitates the access of the flexible N-terminal region (prior to the first cysteine) 
for receptor activation. The 30s loop (a few amino acids numbered around 
30-36 from the N-terminus) is not directly involved in receptor binding, but 
along with the disulfides provide a scaffold that determine the conformation of 
the sites that are critical for receptor binding and activation, (see, e.g. , 
Clark-Lewis eta/. (1995) J. Leukoc. Biol. 55:703-711; Baysal et ai. (2001) 
Proteins 43: 1 50-1 60). 

The C-terminal alpha helix does NOT bind to chemokine receptors, but 
has a stabilizing effect on the three dimensional structure, (see, e.g. , 
Clark-Lewis et al. (1994) J. Biol. Chem. 265:16075-16081; Clark-Lewis et ai. 
(1991) J. Biol. Chem. 266:23128-34; Zhang et al. (1991) J. Biol. Chem. 
265:15918-15924). For example, functional studies on peptides of IL-8 (an 
analog of MSGA/GROa; as noted IL-8 and MSGA/GROa selectively bind to the 
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same receptors (IL8A/CXCR1 and IL-8B/CXCR2) show that a 1-51 amino acid 
peptide with the entire C-terminal a helix missing competes with the full length 
IL-8 for binding to the receptor and exhibits activity (see, Clark-Lewis et al. 
(1991) J. Biol. Chem. 256:23128-23134, 23131). Further, a 22 amino acid 
C-terminal peptide containing the whole C-terminal a helix does not to bind to 
the receptor or show any activity (page 23132 of the same reference). The 
Roby et al. peptide (MGSA/GR0<7 47-71 ) has striking primary and secondary 
structure homology to the Clark-Lewis peptide. 

Despite extensive structural studies on numerous chemokines over the 
last 15 years there have been no reports preceding or subsequent to that of the 
cited Roby et al. describing C-terminals of chemokines (or peptides thereof) that 
bind to any signal transducing receptor (chemokine or not). Therefore, the 
peptide used in the conjugate of Roby et al. does not bind to a chemokine 
receptor. Thus, the conjugate does not target chemokine receptors and is not 
composed of a chemokine-receptor targeting agent. 

C. Kinetics of Chemokine receptor Internalization 

High affinity binding of many chemokines including MSGA/GROa, results 
in rapid (within minutes) receptor desensitization and internalization by receptor 
mediated endocytosis (see, Chuntharapai et al. (1995) J. Immunol. 
755:2587-2594; Mueller et al. (1997) J. Biol. Chem. 272:8207-8214; Yang et 
al. (1999) J. Biol. Chem. 274:11328-11333; Solari et al. (1997) J. Biol. Chem. 
272:9617-9620). Internalization leads to a dramatic drop in the availability of 
cell surface receptors leaving the cells unresponsive to further ligand effects 
until the cells have time to recycle or express new receptors. In the case of 
CXCR2, the MSGA/GROa specific receptor, recovery was shown to take several 
hours without receptor expression levels reaching 100% of the initial expression 
levels (see, Chuntharapai et al. (1995) J. Immunol. 755:2587-2594). In the 
same study, MSGA/GROa was shown to be internalized and to down regulate 
receptors by 50% in 10 min at a concentration of 0.2 nM. 
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If the conjugate of Roby et al. was utilizing a chemokine receptor (and 
one of ordinary skill in the art would expect CXCR2) or any classic 
protein/growth factor receptor that requires internalization, the drug would have 
been taken up rapidly. Given the multi-mechanisms of action of daunorubicin 
{which is taken into cells by diffusion as outlined below) and the short term 
experiments described by Roby et al. (page 178, Table II), evidence of cell death 
of most of the susceptible (most metabolically active) cancer cells at lower 
doses would have been expected. The ID 50 of the free and conjugated drug is in 
the micro-molar range and by definition so would the C-peptide (as it is 
conjugated 1:1 to the drug). This, however, is not what was observed in Roby 
et al. The >1000 ng/ml of ID 50 value for conjugate early incubation time 
points for the "target cells" in Table II (page 179) is calculated to give a 
concentration of at least 2000 times greater than the nM value reported by 
Chuntharapi et al. It would be charitable to expect an "active" peptide to lose 
this much activity when compared to the parent molecule. Roby et al. sum up 
the results of the shorter term drug incubation experiments summarized in Table 
II by stating "We can see from these tests that the observed tendency for long 
exposure (of daunorubicin and conjugate) is maintained" (page 178). This would 
suggest that both unconjugated and conjugated drug are taken up by the cells 
by a mechanism other than by a classic protein receptor route. It is most likely 
that the conjugated drug is taken up by diffusion as is the free drug. The Roby 
et al. data supports this conclusion. 

D. Cellular uptake and Mechanism of Action of Daunorubicin 

Daunorubicin (Cerubidin 0 , DaunoXome) is one of the lipophilic 
anthracycline antibiotics long used in cancer therapy (see, e.g., Weiss (1992) 
Semin Oncol 75:670-686). The mechanisms of action(s) of these antibiotics 
include the inhibition of function and breakage of DNA, inhibition of transcription 
by inhibition of topoisomerase II, metal ion chelation, and generation of free 
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radicals (see, e.g. , Bakker et al. (1995) Current Pharmaceutical Design 
1 m A 133-1 144). The anthracyclines are used in cancer therapy and are toxic to a 
wide range of cancer cells; there are only a few unresponsive cancers (see, 
Weiss et al. (1992) Semin Oncol 75:670-86). Due to their lipophilic nature, 
these compounds are readily taken up by cells by simple diffusion (see, Bakker 
et al. (1995) Current Pharmaceutical Design 7:1133-1144). In fact, to exploit 
this property, derivatives of daunorubicin, which are on the market, have been 
designed to increase their lipophilic nature (see, e.g., Michieli et al. (1996) 
Haematologica 87:295-301). The process of diffusion is time-, temperature-, 
concentration-dependent and energy independent (see, e.g. , Nagasawa et al. 
(1996) Biol. Pharm. Bull. 75:100-105). Efflux of the drugs is facilitated by 
energy-dependent membrane pumps. The intracellular concentration is 
determined by a balance of these two processes and is a major determinant for 
the cytotoxic effects or the drugs. Tumor cells show differences in their intrinsic 
or acquired resistance to the drug. 

The data presented by Roby et al. show properties and functions 
characteristic of daunorubicin. Figures 3 through 6 and Tables I and II show that 
the free drug and conjugate at high concentrations are capable of killing ovarian 
carcinoma cells and fibrosarcoma cells as well as melanomas as would be 
expected of the broad spectrum cancer therapeutic. The high concentrations of 
drug needed in the short term experiments and the need for long term exposure 
is far more consistent with cellular uptake of the drug by diffusion rather than 
by internalization. The differences in ID 50 values among the cell lines used could 
be a reflection of differences in the activity, in the accumulated intracellular drug 
concentration or the active state of the cells (e.g., different rates of 
proliferation). The result also can be a reflection of differences in the tumor 
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cells' intrinsic level of resistance to the drug. It must be pointed out that even 
resistant strains succumb to the drug albeit at higher doses (see, e.g. , Michieli 
era/. (1996) Haematologica 57:295-301; Michieli et al. (1999) Haematologica 
54:1 151-1 158). 

Roby et al. states that "the conjugate greatly increases the activity of 
daunorubicin on melanoma cells" and concludes "that the reason for such a 
dramatic increase is unknown" (bottom of page 178). The inference that Roby 
et al. is trying to make is that the conjugate targets the drug to these cells. 
These conclusions, however, clearly contradict the data in the paper. As 
noted, SKOV-3 cancer cells are known to robustly express the MSGA/GROa 
receptors, but the activity of the conjugates on these cells is decreased. 

Thus, the paper is describing phenomenology. The only explanation for 
the data is that the conjugate is sequestered in some way. Chemokines bind to 
glycosaminoglycans (GAGS) including heparin and heparan sulfate, chondroitin 
sulfate and dermatan sulfate (see, e.g., Proudfoot et al. (2001) J. Biol. Chem. 
276:10620-10626). They bind with much lower affinities than to chemokine 
receptors. These GAGS are expressed to a varying degree on the surface of 
cells and are not internalized. These GAGS are thought to help localize the 
chemokines to the area of inflammation and disease, increase their local 
concentration in vivo and facilitate chemokine receptor binding. It has been 
shown that the binding site for these proteoglycans has been located in the 
C-terminal alpha helix of some chemokines where a number of basic amino acid 
residues (lysine and arginine, also present in the peptide discussed here). The 
Roby et al. C-terminal peptide contains these amino acid residues. In a tissue 
culture dish without the stabilizing and high affinity binding effect of an 
N-terminal portion of a chemokine, this charged molecule will bind to a number 
of charged surfaces including the tissue culture dishes, various proteins and 
GAGS in the serum and cell medium as well as to the surface of most cells. 
Soluble GAGS have been shown to inhibit binding to GAGS on cells. 
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Therefore, while it is impossible to unequivocally interpret the data of 
Roby et al. (Tables I and II), a possible explanation for the increased, decreased 
and no change in sensitivity among the cell lines (Table I) is differences in GAG 
type, expression levels, affinities and number of binding sites on the different 
cells and this would be after binding to miscellaneous other surfaces. Finally, 
given that most cells express GAGS, Roby et al. does not demonstrate targeted 
delivery. 

7. Summary 

a) Roby et al. does not show that a chemokine targets a toxin to 
melanoma cancer cells specifically nor that such conjugate of a C-terminal 
peptide and a drug is internalized. Given the information available at the time of 
publication of Roby et al. , one of ordinary skill in the art would not design a 
conjugate for targeting to chemokine receptors that lacks the N-terminal regions 
known to be required for cell-specific targeting (i.e., receptor binding, activation 
and internalization). Despite extensive work on peptides from all parts 
numerous chemokine proteins, there are no reports of any chemokine C-terminal 
peptide that is internalized or biologically active before or after that of Roby et 
al. 

b) Further, Roby et al. does not report studies of receptor internalization, 
cross-linking studies or receptor identification on target cells and alleged 
non-target cells. The kinetics of cellular uptake and activity on different cancer 
cell targets exhibited by the conjugate are entirely consistent with the known 
properties of the free drug. Thus Roby et al. does not disclose, teach or suggest 
conjugates that target toxins leukocytes, nor that different chemokine-targeting 
ligands confer different cellular specificities nor use of such conjugates for 
treatment of disorders that share a common underlying pathology. 
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* * * 

I further declare that all statements made herein of my own knowledge 
are true and that all statements made on information and belief are believed to 
be true; and further, that these statements were made with knowledge that 
willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the 
application or any patent resulting therefrom. 



john r. Mcdonald 
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The FITC-labeled C-terminal alpha-helix portion of human MGSA/groa (MGSA 
47-71 ) was shown using flow cytometry, to bind to human melanoma cells 
Hs294t but not to non-melanoma cells. MGSA (47-71) is capable to induce 
SDecifically DNA synthesis of melanoma cells. These results indicate that the C- 
terminal portion of human MGSA is sufficient for its biological activity, thus 
raising questions about the importance of dimerization and of the N-termmai 
ELR box of the molecule which has been proposed, c l^s a,^.. ?r«*. mr 



Cell growth factors and/or cytokines bind to specific receptors which 
transmit their effect by means of various intermediates and protein kinases (1). 

One of the major interest of these various proteins is their importance in 
cancer growth, in which many proteins are involved, either as an endocrine, 
paracrine and autocrine control. Study of those growth factors contributes to the 
understanding of the mechanisms of cancer progression. 

Melanoma is a very aggressive type of skin cancer characterized by 
proliferation of pre-melanocyte. The incidence of this kind of cancer is 
progressing exponentially among the Caucasian population (2). Growth factors 
involved in the growth of melanoma cells include basic fibroblast growth factor, 
epidermal growth factor and melanocyte stimulating hormone (3). in 1988, a 
new melanoma growth factor was discovered. This factor was characterized 
and cloned as the oncogene GROa (or Melanoma Growth Stimulating Activity 
(MGSA)). From the cDNA sequence, it was possible to determine that MGSA 
was an analogue of interleukin-8 (4). The latter and its analogues (including 



1 To whom correspondence should be addressed. 

Abbreviations MGSA: Melanoma Growth Stimulating Activity ELR box; Glutamate, leucine 
Arginine Box. DMSO: Dimethyl sultoxide. Fmoc:Ftuorene methoxy carbonyl TFA: Trilluoroacetic 
acid. FITC: Fluorescein isothiocyanate. FCS: Fetal calf serum. 
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MGSA, NAP-2 and about 6 others) are members of a family of small proteins 
called chemokmes (5). These proteins are chemotactic and stimulatory factors 
for neutrophils (for the CXC sub-family) or macrophages (for the CC sub-family) 
(6). MGSA is a member of the CXC sub-family named for two characteristic 
cysteine residues on the N-terminal side (7). 

The 3-dimensional structure of mterleukin-8 shows that it is a dimer made 
of two sub-units each composed of a compact array of 3 beta sheets with a C- 
terminal protruding alpha helix (8). Recently, studies with mutated interleukin-8 
molecules have shown that 3 amino acids at the N -terminal portion of the 
molecule (glutamate, leucine and arginine, the ELR box) were essential for 
activity. These amino acids are conserved in all members of the CXC sub- 
family, including MGSA (9) However, the 3-dimensional structure raises the 
possibility that the C-terminal ct-helix could be the receptor binding moiety of 
MGSA. Studies on the structure-activity relashionship of MGSA are essential for 
designing specific agonists or antagonists. 

This is the first report of the biological activity of the C-terminal portion of 
MGSA as a first step in the elucidation of the structure-activity relationship of this 
growth factor. 



MATERIALS AND METHODS 

Hs294t and CCI-121 cells were obtained from the American Type Culture Collection (Rockville 
MA). RPM1 1640 is from ICN Biomedicals Canada ltd (MississaugaOnt.). Fetal bovine serum is from 
Can sera (Rexdale Ont) Fmoc amino acids, synthesis resin and synthesis reagents were obtained 
from Novabiochem (LaJolla CA). TFA and acetonitrile were obtained from Omega Chemical 
Company inc (Quebec Que ). Anisole, ethyl methyl sulfide, Trypan Biue and DMSO come from 
Aid rich Chemical Company (St-Louis MO) Ethanethiol, trichloroacetic acid and Scintiverse II come 
from J T Baker Canada (Toronto Ont.) Fluorescein tsothiocyanate and bovine serum albumin 
were purchased from Sigma Chemical Company (Si-Louis MO). Alamar Blue, from Alamar 
(Sacramento CA). 3H-Thymidine was obtained from ICN pharmaceuticals (MississaugaOnt). 



SYNTHESIS OF MGSA (47-71 ) 

MGSA (47-71) was synthesized using solid-phase peptide synthesis as previously described 
(10) Briefly. Fmoc-amino acid -oPfp were added one by one in sequence to a Biofynx 41 75 semi- 
automatic peptide synthesizer (LKB) loaded with a resin bearing Fmoc-Lysine. Synthesis 
proceeded from the C-terminal to the N-terminal part of the following peptide : 
NGRKACLNPASP1VKKIIEKMLNSDK, which correspond to amino acids 47-71 of human MGSA 
(4). After completion, the peptide was cleaved from the resin and deprotected with 93% TFA, 3% 
anisole. 3% ethanethiol and 1% ethyl methyl sulfide. The crude peptide was washed once with 
ether and purified by HPLC on a detta-pak C18 column (Waters (Mississauga Ont.)) with a 30-50% 
acetonitrile : water + 0,05% TFA gradient using a LC 925 system connected to a 996 photo diode 
array (Waters). 

Purity of the peptide was measured by Capillary Zone Electrophoresis on a Bio-Focus 3000 
system (B»o-Rad Laboratories (MississaugaOnt.) using a 24px25mm cartridge 20fjg of sample 
were dissolved in 100^1 of 0,01 M P04 buffer pH 2.5 and run under a 10kV current for 15 minutes 
in 0,1M phosphate buffer pH 2,5. 

LABELING OF MGSA (47-71 ) 

The pure peptide was labeled with FITC as follows. SOOfjg of MGSA (47-71 ) were dissolved in 
500j/t of 0.1 M carbonate buffer pH 9,0. Then, 67^1 of a 2mg/ml solution of FITC in dimethyl 
sulfoxyde were added in 5^1 steps with agitation. The solution was allowed to react for 16 hours at 
4°C m the dark We then added 60pl of a 1M solution ol ammonium chloride and 30*/l of glycerol. 
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After 2 hours at 4*C, the labeled peptide was purified on a PD-10 column (Pharmacia Biotech 
(Baie D'Urie Que.)) equilibrated with phosphate buffered saline. The coupling ratio of FITC was 
measured by absorption at 495nm 

CELL- BINDING ASSAYS 

Hs294t and CCI-121 ceils were harvested by scraping and counted using Trypan Blue. One 
hundred thousand cells were added to a test lube and suspended in 1 ml ol PBS + 0,1% BSA 
Various amounts of FITC-labeted peptide (0, 40ng, 50ng, 60ng, 80ng, 100ng. 200ng, 500ng 
and 1 000 ng) were added and the cells were incubated for 1 hour at 4°C They were then washed 
twice with 5ml of PBS + 0,1% BSA and resuspended in 1ml of FACS-Flow (Becton Dickinson) 
Flow Cytometry on a FACS-Sort (Becton Dickinson (Mississauga Ont )) was used to measure the 
fluorescence of 5000 cells. Binding was measured by the ratio of the medians of fluorescence 
peaks of labeled cells divided by the median of the fluorescence peak of unlabeled cells. 
Controls were also run with 1 0Ong of labeled peptide incubated 1 hour at 37°C with 1 0/sg of an 
anti-MGSA monoclonal antibody (developed in our laboratory) before being added to the cells. 

3 H-THYMIDINE ASSAY 

A 24-wetl plate was seeded with 50000 Hs294t or CCI-121 cells per well suspended in 1ml of 
RPMI 1640 + 10% fetal call serum. The plate was incubated for 24 hours at 37° C in a humid 
atmosphere of 5% C02 The cells were then washed once with 1ml of RPMI 1640 and then each 
well filled with 1ml of RPMI 1640 without serum. After 24 hours, the cells were washed as above 
and various quantities o1 MGSA (47-71) were added (0. 100ng, 10ng. 1ng. 100pg and lOpg) in 
1ml of RPMI 1640 in duplicate. 2 wells were filled with 1ml of RPMI 1640 + 10% FCS. The cells 
were incubated for 16 hours at 37°C 5%C02 and then 2pCt of 3H Thymidine in RPMI 1640 were 
added, and the cells incubated for 6 more hours. 

The ceils were washed twice with cold PBS and incubated 20 minutes in cold methanol, then 20 
minutes in cold 5% trichloroacetic acid. They were then washed twice in water, dissolved in 200/il 
NaOH 1 M and 150^/1 of the solution was added to scintillation vials filled with 5ml of Scintjverse II. 
Radioactivity was them measured on a Rackbeta II (LKB) counter. 

A LAMAR BLUE ASSAY(1 1) 

Two 96- wells plates were seeded with 5000 Hs294t or CCL-121 cells per well suspended in 
100jjI ol RPMI 1640 + 10% FCS. The plates were incubated for 24 hours at 37°C in a humid. 5% 
C02 atmosphere. Each plate was then washed and 100//I of RPMI 1640 without serum added 
After 24 hours, the cells were washed again and concentrations of MGSA identical to those used 
in the 3H-thymidine assay were added 

Tests were made after 0, 2, 3 and 4 days. Wells were washed with RPMI 1640. Then, 10 y\ ol 
Alamar Blue were added and the plate incubated for 2 hours. Fluorescence was then measured 
on a Cytofluor 2300 (Millipore) at excitation 530nm and emission 590nm. 



RESULTS AND DISCUSSION 
CELL-BINDING OF MGSA (47-71) 

Cell-binding assays using a FITC-labeled MGSA (47-71) peptide show that this 
molecule is able to bind to Hs294t cells, as shown by the increased 
fluorescence of the cells incubated with the peptide [fig 1 ] A way to measure that 
effect was to look at the ratio of the median of the fluorescence peak of labeled 
cells divided by the median of the unlabeled cells [fig. 2]. These results show 
that a near linear ratio was obtained with concentrations of FITC-labeled MGSA, 
varying from 0 to 100ng/ml. At higher concentrations, a plateau was reached. 
When fibrosarcoma CCL-121 cells were used, concentrations up to 1000ng/ml 
of MGSA (47-71 )-FITC showed no significant labeling [fig.3], suggesting that 
these cells have no receptors for MGSA. The specific binding on melanoma 
cells was confirmed by assays with the peptide incubated with an anti-MGSA 
monoclonal antibody obtained in our laboratory which blocked MGSA binding 
(data not shown). 
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Fia 1 . Binding assay o1 100ng MGSA (47-71 )-FiTC 
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3H-THYMIDINE ASSAYS 

3H-Thymidine incorporation was 160% of control in human melanoma Hs294t 
cells stimulated with MGSA (47-71) with an optimal concentration at 10ng/ml 
[fig. 4]. This concentration is higher than the concentration already reported for 
complete MGSA, which is around 0.6 to 6ng/ml (12). However, it clearly stands 
above the background, while a similar assay with CCL-121 shows no significant 
3H-thymidine incorporation at any peptide concentration (data not shown). This 
indicates that the increase in radioactivity is caused by the peptide binding to 
the receptor and not simply by a change in culture conditions. 



14 




Fig. 2. Ratios of the fluorescence peaks of 
MGSA (47-71)-FITC-labeled Hs294t cells 
versus unlabeled cells measured by flow 
cytometry. 



FIG 3. Binding assay ot 1000ng MGSA (47-7t)-FITC to 
100 000 CCL-121 cells (1-hour Incubation). 
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Fig. 4. 3H-Thymidine incorporation assay on 
Hs294t cells incubated with various concentra- 
tions of MGSA (47-71). 

Fig 5. Cetl growth measurement assay of Hs294t 
cells with MGSA (47-71) added to culture medium 
by the Alamar Blue ftuorometric method 



ALAMAR BLUE ASSAYS 

The measurement of cell growth by the Alamar Blue assay confirms the results 
obtained by 3H-Thymidine incorporation, with a maximum cell growth at a 
concentration of 10ng/ml of MGSA (47-71) [fig. 5]. The largest difference 
between cells incubated with peptide and control was seen after 3 days of 
incubation. After this period, we could observe some cell death and 
fluorescence began to decrease. Similar tests performed on CCL-121 cells 
show no significant increase in cell number compared with control for any 
peptide concentration used. 



DISCUSSION 

Results show for the first time that the C-terminal portion (47-71) of MGSA binds 
specifically to human melanoma cell receptors, incubation of the peptide with 
an anti-MGSA antibody before the addition to melanoma cells confirms these 
results and shows that the C-terminal a-helix of MGSA is sufficient for receptor 
recognition and binding. 

Results obtained by 3 H -thymidine incorporation and Alamar Blue indicate that 
MGSA (47-71) is capable of promoting cell-growth of melanoma cells in vitro at 
10ng/ml but has no activity on cells without specific receptors. These results 
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show that the binding of the C -terminal a-helix of MGSA non-only is sufficient 
for binding but it is also a mitogen for melanoma cells. 

However, These findings however, raise some interesting questions. The first is 
that in solution, the closest analog of MGSA, inteiieukin-8, is a dimeric molecule 
and recent studies (13) have shown that this cytokine seems to act as a 
monomer on the receptor. Our results seem to confirm this hypothesis since it is 
very unlikely that MGSA (47-71) is capable of dimerization (it has a +5 charge in 
solution) but nevertheless this peptide is active. 

Other workers have shown that the N-terminal ELR (glutamate, leucine, 
arginine) box is essential for the neutrophil stimulating activity of interleukin-8 
(9). However, while this ELR box is conserved at the same position in MGSA, it 
does not seem to be essential for receptor binding nor for growth- stimulating 
activity on melanoma cells This may be due to the fact that either the ELR box is 
an essential component for proper folding of the CXC chemokines, or the 
receptor on melanoma cells and the one on neutrophils are different. Indeed, 
two receptors have been identified by cross-linking with MGSA in placenta, one 
of 58k Da and one of 78kDa. The 78kDa appears to be the primary receptor on 
Hs294t cells (14), while the molecular weight of the interleukin-8 receptors on 
neutrophils varies from 55 to 65kDa. (15). MGSA (47-71) will be tested on 
neutrophils to elucidate at least the second possibility. 

Nevertheless these studies show that specific growth stimulation of human 
melanoma celts may be obtained with the short C-terminal MGSA (47-71) 
peptide thus opening the possibility of designing small antagonists against this 
growth factor. 
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The chemokine RANTES (regulated on activation nor- 
mal T cell expressed and secreted; CCL5) binds selec- 
tively to glycosaminoglycans (GAGs) such as heparin, 
chondroitin sulfate, and derma tan sulfate. The primary 
sequence of RANTES contains two clusters of basic res- 
idues, ^RKNR 17 and 55 KKWVR 5W . The first is a BRXB 
motif common in heparin -binding proteins, and the sec- 
ond is located in the loop directly preceding the C-ter- 
minal helix. We have mutated these residues to alanine, 
both as point mutations as well as triple mutations of 
the 40s and 60s clusters. Using a binding assay to hepa- 
rin beads with radiolabeled proteins, the ^AANA 47 mu- 
tant demonstrated an 80% reduction in its capacity to 
bind heparin, whereas the 5o AAWVA' >t> mutant retained 
full binding capacity. Mutation of the ^RKNR 47 site re- 
duced the selectivity of RANTES binding to different 
GAGs. The mutants were tested for their integrity by 
receptor binding assays on CCRl and CCRo as well as 
their ability to induce chemo taxis in vitro. In all assays 
the single point mutations and the triple 60s cluster 
mutation caused no significant difference in activity 
compared with the wild type sequence. However, the 
triple 40s mutant showed a 80 -fold reduction in affinity 
for CCRl, despite normal binding to CCR5. It was only 
able to induce monocyte chemotaxis at micromolar con- 
centrations. The triple 40s mutant was also able to in- 
hibit HIV-1 infectivity, but consistent with its abrogated 
GAG binding capacity, it no longer induced enhanced 
infectivity at high concentrations. 



Chemokines selectively recruit and activate leukocyte popu- 
lations, both during routine iramuno surveillance and also dur- 
ing inflammation. The migration of cells is believed to require 
immobilization of the chemokines on proteoglycans in the ex- 
tracellular matrix and on the endothelial cell (2, 3). The glvco- 
sammoglycan (GAG) 1 moiety of the proteoglycan shows a wide 
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range of structures, with heparin, heparan sulfate, chondroitin 
sulfate, and dermatan sulfate being important members of the 
family. Changes in the type- of intensity of proteoglycan expres- 
sion are known to happen in a wide variety of inflammatory 
diseases. It has been suggested that these changes in glyco- 
saininoglycan expression play a role in the localization of the 
inflammatory response, by localizing inflammatory cytokines 
and chemokines (4-7). 

Chemokines are a large family of small proteins with a 
remarkably highly conserved three-dimensional monomelic 
structure (Ref. 8 and Fig. 1). This conserved structure is medi- 
ated by the formation of two disulfide bridges imposed by the 
conserved 4 -cysteine motif rather than identity at the level of 
primary sequence, which can be as low as 20%. The majority of 
chemokines (MIP-lc* and -1/3 being the exceptions) 2 are highly 
basic proteins with an isoelectric point around pH 9.0. All 
chemokines are able to bind heparin, although with varying 
affinities. We have previously shown that selectivity exists for 
the cdiemokine/GAG interaction for four chemokines investi- 
gated: IL-8, RANTES, MIP-Iq, and MCP-1 (9). RANTES was 
shown to have the greatest range of selectivity with an affinity 
3 orders of magnitude higher for heparin than for chondroitin 
sulfate. Despite its acidic isoelectric point, MIP-lo* is still able 
to bind to GAGs, showing that the interaction is not simply a 
global electrostatic attraction of basic chemokines with acidic 
glycosaminogl3 r cans. The complex at ion of chemokines with gly- 
cosaminoglycans prevents the binding of the chemokines to 
their receptors in most cases (9). However, the GAG/chemokine 
interaction has also been reported to potentiate the activity of 
chemokines in some cases (10, 11). 

The XBBATJv and XBBEXXBX motifs, where B represents a 
basic residue, have been shown to be a common heparin-bind- 
ing motif for several proteins (12, 13). Inspection of the RAN- 
TES sequence showed that it had two clusters of basic residues: 
a BBXB cluster on the 40s loop (^RKNR 47 ) and another cluster 
of basic residues toward the C-terminal on the 50s loop 
( 6£ KKWVR 5t ')- The C-terminal region has been shown to be 
implicated in GAG binding for chemokines such as PF4 (14), 
IL-8 (15). and MCP-1 (16) but not. necessarily through BRXB 
motifs. We have mutated the charged amino acids in these 
sequences, as point mutations as well as triple mutations, to 



HSQC, heteronuclear single quantum coherence; HIV-1, human immunod- 
eficiency virus, type ) ; WT, wild type. 

2 The following chemokines with the new standardized nomenclature 
(1) are cited: IL-8, CXCI-8: SDF 1. CXOLl'-i; MJP-lu. CCL3; MlP-lfl, 
CCU; RANTKS. CGI,~: and MOP- 1. CCA.2. 
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FlG. 1. Chemokinc monomers indi- 
cating the basic GAG binding resi- 
dues. A, mterIeukin-8 (15). 6, MIP-Ui 
(36. 40 MCP-1 (161. J, SDK- la (38). 
MIP-lp (37). /. the residues of RANTES 
mutated in this study. The images of che- 
mokine monomers were produced using 
the program Swiss PDB Viewer (31) and 
the ray -tracing program POV-RAY. The 
Research Coltiiboratory for Structural 
Bioin format ics entries of i.he structures 
were: IL-8. 1)18; MIP-lu. lbo3; MCP-l. 
idok: SDF-la. la 15; Mip-l/J, ihum; and 
RANTES, leqt. 
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alanine residue. These studies did not identify a major role for 
any single amino acid, but our findings demonstrate that the 
triple mutation of the 40s cluster abrogates 8Q°/r of the heparin 
binding capacity, whereas mutation of trie 50s cluster has no 
effect. Furthermore, additional experiments indicated that 
these basic residues in the 40s loop are also important for 
CCR1 but not for CCR5 binding, indicating an overlapping 
epitope on RANTES for CCR1 and GAG binding. 

EXPERIMENTAL PROCEDURES 

Reagents — Unless otherwise stated, all chemicals were purchased 
from Sigma. The heparin used in the binding assays was the low 
molecular weight species (5—30 kDa) supplied by Sigma (H3393). En- 
zymes were from New England Biolahs, and chromatographic material 
was from Amersham Pharmacia Biotech. CHO/CCR1 transfectants 
were generated as described (42 1, CHO/CCR5 trans feet ants were a kind 
gj/l of Dr. Matthias Mack (48). RBl/CORo transieetants were provided 
by Dr. Martin Oppermann (28), and HeLa-CD4 cells were provided by 
Or. David Kabat. Env pseudotyped, luciferase- ex pressing reporter vi- 
ruses were produced using the calcium phosphate technique (17). 

Generation of Nankeparin-hwding Mutants — The point mutations 
were introduced by inverted polymerase chain reaction. The DNA wis 
alkali-denatured and diluted to a concentration of -10 pg/reaction to 
avoid the incorporation of unmutated DNA into the transformation 
reaction. The mutagenesis primers used are shown below with the 
mutated bases shown in bold: R44A (sensel, 5-TTT GTC ACC GCA 
AAG AAC CGC CAA G-3', and R<MA (antisense;. 5'- GAC GAC TGC 
TGG GTT GGA GCA CTT G-3': R45A (sense)5 -TTT GTC ACC CGA 
GCG AAC CGC CAA G 3', and R45A (antisense), 5' GAC GAC TGC 
TGG GTT GGA GCA CTT G-3'; R47A (sense). 5' -CGA AAG AAC GCC 
CAA GTG TGT GCC A-3\ and R47A (antisense;. 5' GGT GAC AAA 
GAC GAC TGC TGG GTT G-3'; R44A/K45A/R 47 A ( M AANA <7 1 (sense). 
S'-TIT GTC ACC GCA GCG AAC GCC CAA GTG TGT GCC AAC-3', 
and R44AK45A/R47A ("AANA* 7 ) (antisense), o'-GAC GAC TGC TGG 
GTT GGA GCA CTT GCC-3'; K55A (sense). 5 -GCC AAC CCA GAG 
GCG AAA TGG GTT CGG-3', and K55A (ainisense). 5' -AC A CAC TTG 
GCG GTT CTT TCG GOT GAC-3': K56A (sense;. 5' AAC CCA GAG 
AAG GCA TGG GTT CGG GAG-3'. and K56A (antisense). 5 -GCC AC A 
CAC TTG GCG GTT CTT TCG GGT-3'; K59A (sense). 5 -AAG AAA 
TGG GTT GCG GAG TAC ATC AAC-3', and K59A (antisense). 5 -CTC 
TGG GTT GGC AC A CAC TTG GCG-.T: and K55A/K56 A/R59A 
< M AAWVA M ) (sense), 5' -GCC AAC CCA GAG GCG GCA TGG GTT 
GCG GAG TAC ATC-3'. and K55A'K56'A/R59A ( w AAWVA Ffi ) (anti- 
sense). 5 -AC A CAC TTG GCG GTT CTT TCG GGT GAC AAA GAC-3'. 
Amplification was performed in a DNA thermal cycler (Perkin- Elmer 
480) for 35 cycles using Pfu Turbo DNA polymerase. Polymerase chain 
reaction products were purified, and DNA was ligated and transformed 
into Top 10 F' competent cells < Invitrogen). The sequence of the mu- 
tants was verified by DNA sequence analysis using an ABI370 DNA 
sequencer. 

Protein Purification and Characterization ■■ The mutant proteins 
were purified as described for simultaneous multiple purifications of 



recombinant RANTES proteins I 18;. 1F N RANTES was produced as 
previously described 1 19 i. The purity and authenticity of !F, N RANTES 
and the mutants were verified by reverse-phase HPLC and mass 
spectroscopy. 

NMR $pectroscor/y <>f th<- lntsra;:tir>n nf RANTES and Heparin Di- 
saccharide* — NMR experiments were recorded at 30 "0 on a Bruker 
DRX600 speclroinel er equipped with In pie axis gradients using a 5- mm 
triple inverse resonance probe head. Heparin Hisaecharides f-A, Il-A, 
and II-S were added to a solution containing 3O0 m-M lf, N -labeled RAN- 
TES at pH 3.2 in a 0.0:1 ratio. Two-dimensional 'H-^N HSQC experi- 
ments were recorded using the sensitivity enhancement technique (20). 
Data matrices consisting of 128 X 512 complex points were acquired, 
and the spectral widths were 8390 Hz in the 'H dimension and I4ti0 Hz 
in the 1B N dimension. The differences in chemical shift. Ao between free 
and bound protein were evaluated using the following equation (21). 



AS - N iAo l Yb l - (!.17<A£ :i Nl 2 



(Eq. 1) 



Heparin-Sepharose Chromatography —M) fig of RANTES and mu- 
tants were loaded onto heparin-Seph arose CL-fiB, packed in a HR5/5 
column, equilibrated in 25 mM Tris/HCl. pH 8.U, and 50 inM NaCI, and 
eluted with a linear gradient of 0 2 m NaCI in 25 mM TrWHCl, pH 8.0, 
using a Smart system (Amei'sham Pharmacia Biotech). 

Mono S {Cation Exchange) Chromatography--- 50 &g of RANTES and 
the mutants were loaded onto a Mono S HR5/5 prepacked cation ex- 
change column equilibrated in 50 mM sodium acetate, pH 4.5, using a 
Smart system (Amersham Pharmacia Biotech). Protein was ehi ted with 
a 0-2 M NaC! gradient. 

Heparin Binding Asb-ay- RANTES and the mutants were measured 
for their ability to bind to immobilized heparin according to Ref. 22. 
Wild type RANTES and the triple 40s and 50s RANTES mutants were 
radiolabeled with 125 1 by Amersham Pharmacia Biotech to a specific 
activity of 2200 mCi/mol. 90- well filter plates were soaked with binding 
buffer (50 mM HEPES. pH 7.2. containing 1 mw CaCl 2 . 5 inM MgCL, 
0.15 M NaCI, and 0.5T bovine serum albumin). Serial dilutions of 
heparin in the binding buffer were carried out to cover the range of 20 
mg/ml-1 jug/ml. The assay was performed in a total volume of 100 /jd by 
adding 25 iA of the heparin dilutions. 25 ;il <.» .4 nM I ""^Ikhemokine. 25 
jid of heparin beads (0.2 jig/ini in water), and 25 ^1 of binding buffer to 
each well. The assays w^re carried out in triplicate. The plates were 
incubated at room temperature with agitation for 4 h. The filter plates 
were washed three times with 20* > ^1 of washing buffer using a vacuum 
pump to remove unbound iodinated chemokine. 50 f.d of scintillant was 
added to each well, and radioactivity was counted in a 6 -scintillation 
era inter (Wallae) for 1 m in/welt. Data were analyzed using GraFit 
Software. 

Equilibrium Competition ftveptor Binding Assay s The assays were 
carried out on membranes from CHO transfeetants expressing CCRl 
and CCR5 using a scintillation proximity assay. Competitors were 
prepared by serial dilutions of the unlabeled chemokines in binding 
buffer to cover the range 10~ 6 10 _1 -*m. The bi nding buffer used was 50 
mM HEPES. pH 7.^. containing 1 mw CaC],, 5 m.M MgCI 2 . 0.15 M NaCI, 
and 0.595 bovine serum albumin. Wheatgerm scintillation proximity 
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Mojss specirummru: analysis of the HANTfcS mutant* 



Mutation 




Dxpt-rimonliil fiiiise 


Wild type 


7847.03 


7&4G.69 * U.09 


R44A 


7761.92 


776].J2u .r 0.1 


K45A 


7789.94 


77yo.49 t O.lti 


R47A 


7761.92 


77R2.82 -r 0.1 1 


R44A/K45A/R47A 


7619.72 


7619.91 r 0.11 


K55A 


7789.94 


7791. 00 i O.02 


K5GA 


7789.94 


7791.01 rr 0.02 


R59A 


7761.92 


7760.67 li 0.06 


K55A'K5GA/R59A 


7(547.73 


7645.23 - 0.06 



assay beads (Amersham Pharmacia Biotech t were soiubilized in phos 
phate-buffored saline to 50 mg'ml and diluted in the binding buffer to 
10 mg/ml, and the final concentration in the assay was U.25 mg/well. 
Membranes expressing CCR1 or CGR5 were stored at -80 "C and 
diluted in the binding buffer to 80 ng/'m\. Equal volumes of membrane 
and bead slocks were mixed before performing ihe assay to reduce 
background. The final membrane concentration was 2 /xg/ml and that of 
125 I-R ANTES was 0. 1 nM, The plates were incubated al room temper- 
ature with agitation for 4 h. Radioactivity was measured, ajid data were 
analyzed as described above for the heparin binding assay. 

Cfientotaxis Assay » — The proteins were analyzed for their ability to 
induce the directional migration of freshly isolated monocytes purified 
from huffy coats and RBlvOCRG transfectants (2/i> using the modified 
micro- Boyden chamber as previously described (24). For monocyte che- 
mo taxis, it-pm pore size filters were used, and the chambers were 
incubated for 30 min at 37 "C, whereas for the RBIV0CR5 assays, filters 
with 12-u.m pores were used, and the incubation time w tI s 45 min. 

HTV-l Infection Enhancement Assay— Thd extent of virus entry was 
determined using a single-cycle infection asaa3 r as described previously 
(17. 25). One day before infection, HeLa-CD4 cell* were seeded at a 
density of 1 X 10*/ we 11 of a 96- well tissue culture plate. Cells were with 
chemokines during the infection period (simultaneous addition of virus 
and chemokinej or left untreated. Cells were infected with murine 
leukemia virus Env pseudotyped HIV- 1 {e.g. HIV- l MuLV ) for 2 h at 37 C C 
in the presence or absence of chemokines, in a total infection volume of 
100 Unbound viru?* was removed after 2 h by washing, and fresh 
medium lacking chemokines was added back to the cells. 72 h post- 
infection, the cells were washed once with phosphate- buffered saline 
and lysed in 50 ^,1 of reporter lysis buffer ( From ega. Inc.). The luciferase 
activity in a mixture of 100 iA of luciferase substrate (Promega) and 30 
Atl of cell lysate was measured in relative light uniLs using a DYNEX 
MLX rnicTOplate lurninometer. 

Inhibition of HIV Infectivity — HIV inhibition assays were performed 
as described (26). Brieily. 1 X ]0 K phy toh aern agl utinin/1 I j- 2- stimulated 
peripheral blood mononuclear cells were exposed to 50 /.d of cheinokine 
for 30 min at 37 *C. 1000 TCID50 of the CCR5- using HIV- 1 strain, Sl^2 
(27). was then added in a volume of 50 fx\. Following 3 h of incubation 
at. 37 "C, the cells were washed three times and re suspender] in RPMI 
1640 (Life Technologies. Inc.). 20% fetal calf serum, and 10* IL-*2 
(Roche Molecular Biochemicals) containing the relevant chemokine. 
After 7 days culture at 37 "0, the samples were assayed for supernatant 
p24. 

RESULTS 

Purification and Characterization of the RANTES Mutants — 
The enzymic digestion using Endoproteinase Arg C of the 
MKKKWPR -RANTES mutant constructs yielded proteins that 
had the expected sequence as ascertained by mass spectroscopy 
{Table I), The proteins were all >Q0% pure as estimated by 
reverse-phase HPLC with the exception of the R47A mutant, 
which was 80%- ptire. 

Heparin Disaccharide I RANTES Interaction as Measured by 
NMR — Preliminary studies (data not shown) have shown that 
RANTES interacts with various heparin disaccharides. namely 
I-S, I- A, II -S, and Il-A. The binding of RANTES to the heparin 
disaccharides was investigated further by two-dimensional 
NMR. 15 N HSQC spectra of 15 N- labeled RANTES were re- 
corded in the absence and in the presence of heparin disaccha- 
rides. Upon binding to RANTES, the disaccharide causes 
changes of the resonance positions in the * 5 N HSQC of the 
protein. These changes were then mapped to the binding sur- 
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Fig, 2. *H- l8 N HSQC NMR spectrum of IS N- RANTES in the 
presence of heparin disaccharide LA. A. region of the 'H- 1,l N HSQC 
spectrum of 1B N-)abeled RANTES. Solid line. RANTES in the absence of 
disaccharide; dotted Ui;e\, RANTES and heparin disaccharide I-A in a 
ratio of 0.6: 1 (mol/'mol). D. chemical shift differences of the 1B N HSQC of 
the protein between the free (no disaccharide) and bound (1-A) state. 

face of the protein. Residues in the 40s as well as in the 20s 
exhibit significant changes in chemical shifts in the presence of 
the disaccharide I-A (Fig. 2). 

Heparin Affinity and Mono S Chromatographies — RANTES 
elutes at 0.8 M NaCl on heparin affinity chromatography. 
Because the mutations carried out remove a basic residue 
presumed to play a role in heparin binding, a decrease of the 
concentration of NaCl required to elute all the mutants was 
observed for the mutations with the exception of K56A (Table 
II). Similarly, as can be predicted on the removal of basic 
residues, a decrease in NaCl concentration was required to 
elute the proteins from the Mono S column, again with two 
exceptions, K45A and K56A. The difference in NaCl concentra- 
tion required for elution from the Mono S column and that 
reqtiired for the elution from the heparin column was deter- 
mined for all mutants. Only the mutants in the 40s region 
showed a positive value, indicating that these residues may 
play a role in the specific interaction with heparin. (15) 

Equilibrium Competition Assays — The integrity of the re- 
combinant proteins was verified using receptor binding assays 
on two RANTES receptors, CCR1 and CCR5, using 12C l-MTPla 
as the radiolabeled ligand in both cases. RANTES had an IC^, 
of 4.9 ± 2.5 nil (n - 4) for CCR1 and an IC*. of 2.15 ± 2.11 nM 
for CCR5 in these heterologous binding competition assays. All 
of the single mutations resulted in RANTES proteins that 
showed similar affinities to both receptors, with the largest 
deviation being 3-fold compared with the WT protein for K45A 
and R47A on CCR1 (results not shown). Both triple mutants 
showed very similar affinities compared with the WT protein 
for CCR5 (Fig. 3iJ). The 66 AAWVA 6 " RANTES mutant had an 
IC 50 of 4.74 ± 2.98 nM (n - 3) for CCR5, and ^'AANA 47 
RANTES had an IC E0 of 6.8 ± 2.8 nM (n - 4). However, the 
triple mutations had a more significant effect on the affinity for 
CCR1. The triple 50s mutant still retained high affinity for 
CCR1 with an IC r , 0 of 17.6 ± 6.6 nw in = 3), 3 -fold less than that 
of RANTES (Fig. 3A). The greatest effect was demonstrated by 
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Table II 

Molarity of NuCl required for rlnlion from heparin and Mono S (cutum exchange > columns 



Mutant 


He.- pa riii 
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A .\ u f.'l Mj, ~ of; 


AA .S'aC] 
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U.SO 


o.y] 








R44A 


O.fil 
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0. 1 9 


u.Oi) 


0.1!) 


K45A 


U.6'. 


0.97 


0.15 


U.O-J 


0.1 1 


R47A 


0.65 


O.S4 


0.15 
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0.U8 


R44AK45A/R47A 


0.47 


0.70 
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0.21 
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t.).05 
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K56A 
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R59A 


0.79 


0.8." 
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Fig. 3. CCR1 and CCK5 equilibrium competition as^aj's. Competition binding assays were performed on membranes from CHO-K1 cell 
lines expressing CCRl and CCR5 using 0.1 n.\l 120 I-MIP-l<i as tracer and varying dilutions of WT RANTES iO). * 4 AANA J,T RANTES (•), and 
M AA\VVA' 9 RANTES i ♦ i. Results were analyzed by Hie Grafit, softwai'e. using » single-site model. All points were run in triplicate. Data are 
representative of four independent experiments. 



the triple 40s mutant. In all of the experiments performed, 
44 AANA 47 RANTES showed a 50-100-fold loss of affinity for 
CCRl, with a mean IC E0 of 380 ± 147 ilm (n - 5) (Fig. 3A>. 

In Vitro Chemotaxis Assays — The ability of the mutants to 
activate RANTES receptors was assessed by their abilitj' to 
induce monocyte chemotaxis mediated through CCRl and che- 
motaxis of RBL/CCR5 transfectants. Again, as observed in the 
receptor binding studies, the single mutations did not signifi- 
cantly alter the ability of the protein to induce monocyte che- 
motaxis (results not shown), and the triple 50s mutant had an 
EC £{, value comparable with the WT protein, although a reduc- 
tion in efficac3' was observed (Fig. 4A). In accordance with its 
decreased affinity for CCRl, the triple 40s mutant had a sig- 
nificantly reduced ability to recruit monocytes, only showing 
full efficacy at 1 /am (Fig. 4A). The triple mutations were further 
analyzed, and both were able to recruit T cells (results not. 
shown) as well as RBL/CCR5 transfectants with EC 30 values 
comparable with the WT protein (Fig. 4B). The efficacy of the 
triple 40s mutant was reduced in both cases. 

Heparin Binding Assay — Because the point mutations all 
exhibited activity comparable with the WT protein, onlj' the 
triple mutations were further analyzed. lodinated WT and the 
M AAWVA* 9 RANTES mutant bound to the heparin beads with 
maximum counts of 22,000 cpm in the absence of, or with low 
concentrations of competitor (Fig. 5). However, the maximum 
number of counts for iodinated 44 AANA 4 ' RANTES was only 
4,000. The three proteins were iodinated simultaneously by 
Amersham Pharmacia Biotech, and verification of their specific 
radioactivities confirmed that tbey were identical. The IC flfl 
values obtained for the competition with heparin were 0.016 
and 0.016 /Ag/ml, respectively, for WT RANTES and 
M AAWVA 59 RANTES. The IC^, observed for the triple 40s 
RANTES mutant 0.022 /tg/ml (Fig. 5, inset) was also very 
similar to the WT, indicating that the residual binding capacity 
of the triple 40s RANTES retained the same affinity for 
heparin. 

We next compared the ability of four GAG families to com- 



pete for 12; 1-RANTES and the triple 40s mutant. RANTES 
shows 3 orders of magnitude difference in its affinity for hep- 
arin (IC 50 , 0.01 mg/'ml). heparan sulfate (IC 60 , 0.036 mg/ml), 
derm at an sulfate (IC S(i , 0.75 mg/ml), and chondroitin sulfate 
(IC M 2.7 mg/ml) (Fig. GA and Ref. 22). This selectivity for the 
four GAG families is largely lost on mutation of the BBXB motif 
in the 40s loop (Fig. 65). As discussed above, the affinity for 
heparin is not changed, but there is now only a 24-fold differ- 
ence between the affinity for heparin (IC.- 0 , 0.02 mg/ml) and 
chondroitin sulfate <IC 5> 0.48 mg/ml). The affinities for hepa- 
ran sulfate (IC S0 , 0.03 mg/ml) and dermatan sulfate (IC^, 0.21 
mg/ml) for the triple mutant are also slightly higher compared 
with WT RANTES. In summary, the triple 40s mutant loses 
the ability to discriminate between the four GAG families. 

Inhibition of HIV I Inactivity— -The triple 40s and 50s mu- 
tations were tested in their ability to inhibit the infection of 
peripheral blood mononuclear cells by the Ro strain, SL-2 in 
comparison with RANTES. As is shown in Fig. 7, the 50s 
cluster mutation retains full inhibitory properties, whereas the 
40s cluster is still an efficient inhibitor in accordance with its 
receptor pharmacology but shows a reduction in potency com- 
pared with the parent RANTES protein. 

Enhancement of HIV-1 Infectivity — The ability of the triple 
40s mutant was compared with the WT protein and the non- 
aggregating mutant, E66S-RANTES, in its ability to enhance 
HTV-1 infection in vitro at micromolar concentrations. As 
shown in Fig. 8, abrogation of GAG binding in the triple 40s 
mutant has a similar effect to the removal of aggregation 
properties in the E66S-RANTES mutant (25, 28), and enhance- 
ment of HIV-1 infection, which is observed for both RANTES 
and N -terminal analogues such as AOP-RANTES (29), is no 
longer induced at concentrations superior to 1 ^ig/ m l- 

DISCUSSION 

Chemokines are involved in the selective activation and re- 
cruitment of cells in inflammation and routine immunosurveil- 
lance. To direct the migration of cells, it has been suggested (2) 
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Fig. 5. Competition binding nssny of iaB I-RANTES and mu- 
tants to immobilized heparin. The binding of 0.1 nM iodinated WT 
RANTES (O). "AANA* 7 RANTES (•>, and M AA\WA f9 RANTES (Af to 
he pari n-Seph arose beads in the presence of in creasing concentrations 
of heparin was carried out as described in the text. Analysis was 
performed using a singlo-site model with Grafit software. Data points 
are in triplicate, and the data are representative of three separate 
experiments. 

that cells migrate along gradients of attractant that are formed 
by the interaction of the chemokine with matrix components 
and proteoglycans. Because the expression of glycosaminogly- 
cans is clearly regulated at the site of inflamination, this may 
be one of the ways that cellular recruitment is targeted. Al- 
though all chemokines interact with glycosaminog] yeans and 
heparin, there is clearly selectivity in this interaction (9, 30). It 
appears that RANTES shows the greatest selectivity for the 
different GAG families, because its affinities for heparin and 
chondroitin sulfate differ by 3 orders of magnitude (9). This 
interaction could thus introduce a level of select ivity that is 
lacking from the receptor/ligand profiling observed by in vitro 
binding and activation assays that have resulted in the chemo- 
kine system being described as rather redundant. 

It was thought for some time that the receptor-binding re- 
gion of chemokines was located in the flexible N-teiminal seg- 
ment and in the 20s loop (32-34), whereas GAG binding was 
located in the C- terminal region of these proteins (15, 35). 
However, as the G AG-bin ding motifs for more chemokines are 
mapped, it appears that this is not a rigid rule As shown in Fig. 
1, GAG binding sites are found in the 20s loop in two CXC 
chemokines, IL-8 and SDF-1, although the sites are spatially 
situated on different sites of the monomer (Fig. 1, a and d\ The 
40s Iootj is found to be the site of GAG interaction for the CC 
chemokines MIP-1« and MIP-lj3 (Fig. 1, b and e), whereas the 
C -terminal helix is involved in IL-8 and MCP-1 GAG binding 
(Fig. 1, a and c). Thus, we decided to investigate two clusters of 



basic residues on RANTES because there was structural sup- 
port in favor of both sites (Fig. \fi. 

The affinities of chemokines binding to heparin have been 
measured by a variety of techniques. Binding to heparin- 
Sepharose columns is often used. The MlP-la R18A, R46A, and 
R48A mutants no longer bound to this column (36). and the 
MIP-1/3 R46A mutant could no longer bind when the chroma- 
tography was carried out in the presence of NaCl at physiolog- 
ical concentration (37). However, IL-8 (15), SDF-1 (38), and the 
mutants of RANTES that we have generated were all able to 
bind to a hep arin-Seph arose column but were eluted at a lower 
concentration of NaCl than the WT proteins. However, a com- 
parison with cation exchange chromatographies indicated that 
only the mutants in the 40s region appeared to have specificity 
for heparin. The role of the 40s region was further supported by 
the shift of Lys" 1 5 and Arg 47 observed on the binding of a 
disaccharide to 1 5 N- labeled RANTES. although the binding of 
the disaccharide appeared to cause more perturbation than 
that observed for IL-8 (15). The assay with iodinated ligands to 
immobilized heparin unambiguously identified that the 40s 
region has a major contribution to the capacity of RANTES to 
bind to this glycosaminoglycan moiety, whereas the cluster of 
basic residues in the 50s loop preceding the C-teraunnl helix 
plays no role in heparin binding. 

It should be noted that the GAG binding sites are not re- 
stricted to the BEXB motif. The binding sites of three of the 
chemokines studied do in fact have this motif: SDF-1, with 
24 KHLK 27 , MIP-lo 45 KRSR 4S and MIP-1/3 4r, KRSK^. On the 
other hand, the principal residues in IL-8, Lys 20 , Lys 64 , and 
Arg 68 (15), as well in MCP-1, Lys'™ and Arg 66 (16), are spatially 
separate 

It has been reported that cell surface GAG expression is not 
essential for the activity of chemokines in vitro, although they 
do serve a role in chemokine sequestration (39). Abrogation of 
the GAG binding sites either has no effect on receptor binding 
and activation in the case of IL-8, SDF-1, and MIP-1/3 or has a 
profound effect as has been reported for MIP-la binding to 
CCR1 (40). We have seen both scenarios for RANTES; the 
mutation of the 4<1 RKNR' i7 has no significant effect on its bind- 
ing to and activation of CCR5 but profoundly affects its inter- 
action with CCRl. This observation is supported by the lack of 
effect of CCR5 activation by the mutation of R46A in MIP-1/3 
(37), whereas mutations in the same region of MlP-la pro- 
foundly affect CCRl binding but have not been reported for 
CCR5. Inspection of the amino acid composition of the putative 
extracellular loops of these two receptors yields an indication 
why these differential effects are observed. CCRl has 18 acidic 
Asp and Glu residues, only 10 which contribute basic charge (7 
Lys and Arg and 6 His, which contributes 0.5 positive charge), 
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infection was measured by determination of lur:iferase activity '.i days 
after infection. 



whereas CCR5 has 7 acidic and 8 basic (7 Lys and Arg and 2 
His) residues. Thus, it appears that the net electrostatic sur- 
face of CC Rl is likely to be negative, -whereas in CCR5 it will be 
neutral. This indicates that perturbation of the electrostatic 
charge of CCRl ligands may play a major role in the receptor 
interaction, but interaction of CCR5 and its ligands may 
involve interactions that are less electrostatic in nature. This 
argument is supported by mutagenesis studies where the 



important residue in the N-loop of RANTES was the charged 
residue Arg 37 for CCRl binding, whereas for CCR5 binding the 
hydrophobic residues in RANTES are Phe ul and Ile ls (34) and 
Phe 13 in MIP-1/3 were critical (41). However, in these studies 
the role of the residues in the 40s loop in contributing to 
receptor binding was not investigated The biological signifi- 
cance of the loss in affinity for CCRl by the 4i AANA 47 RANTES 
mutant is shown by its lack in abilit}' to induce chemotaxis of 
freshly isolated monocytes, which express CCRl as the pre- 
dominant RANTES receptor (24). 

It was surprising to note that the ^ I -labeled triple 40s 
mutant that bound to the heparin beads retained the same 
affinity for heparin as observed for the WT protein. This obser- 
vation indicates that although this region is probably the pre- 
ponderant GAG binding site, there must be other residues that 
also contribute. One hypothesis can be drawn from inspection 
of the three-dimensional structure, where His 2:1 is shown to be 
spatially close and could therefore play a role in this binding 
pocket. We are currently investigating this possibility. We have 
previously shown that RANTES exhibits a significant degree of 
selectivity for different GAG families (9>. Thus, the selectivity 
previously described for the four GAG families by RANTES 
appears to be mediated to a major extent by the BRATB motif on 
the 40s loop. 

The importance of the RANTES/GAG interaction in HIV-1 
infectivity has been highlighted by the observations that nt 
high concentrations RANTES enhances viral infection (25, 29). 
These effects have been attributed to the property of RANTES 
to oligomerize on heparin {9, 25), which implies that the inter- 
action with GAGs plays an important role. Effectively, 
RANTES mutants that are not able to oligomerize do not ex- 
hibit this enhancing effect (,25). Here we show that the 80% 
reduction of the ability of the RANTES protein to bind to 
heparin similarly prevents the protein from inducing enhanced 
viral infectivity However, the ability of RANTES to inhibit 
HIV-1 infectivity depends on its ability to bind to CCR5, 
thereby preventing the virus from interacting with its corecep- 
tor. The triple 40s mutant retains fully functional CCR5 bind- 
ing activity and is still able to inhibit HIV-1 infectivity of Ro 
HIV-1 strains. 

This study has identified the principal heparin binding do- 
main of RANTES but has revealed several questions that need 
to be addressed. First, determining which are the residues or 
regions that are responsible for the residual heparin binding 
activity; second, dissecting the individual residues in this 
pocket that play a predominant role in GAG binding and/or in 
CCRl binding; and third, addressing the question of whether 
increased viral infection is principally due to the fact that it 
facilitates interaction with the coreceptor through oligomeriza- 
tion. or whether the interaction of RANTES with GAGs induces 
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cellular activation through a novel signal transduction mecha- 
nism. Lastly, we believe that such mutants will allow us to 
address the important question of the relevance of GAG bind- 
ing to cellular recruitment in vivo, which has been hypothe- 
sized for many years without having been validated experimen- 
tally and further investigate the role of GAG binding ui 
controlling inflammation. 
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Monocyte chemoattractant protein-1 (MCP-1) is a 
monocyte-specific chemoattractant and activator and is 
a member of the chemokine-p' family of cytokines. To 
identify regions of MCP-1 which are required for its bio- 
logical activity, we constructed human MCP-1 mutants 
that were expressed in eukaryotic cells and tested for 
their ability to attract monocytes in vitro. Deletion of 
amino acids 2-8 destroyed activity, suggesting that the 
amino- terminal region is necessary for activity. Within 
the deleted region, mutation of aspartate 3 to alanine 
produced a protein with 9% of wild-type activity, 
whereas mutation of asparagine 6 to alanine produced a 
protein with 52.9% of wild- type activity. Mutation of 
amino acids within the first intercysteine loop yielded 
variable results. Changing tyrosine 28 to aspartate or 
arginine 30 to leucine each produced proteins with es- 
sentially no monocyte chemoattractant activity. The 
side chains of these amino acids are predicted to point 
into a putative receptor binding cleft, and these loss-of- 
function mutations are consistent with this model. Also 
consistent is the retention of 60% of wild-type activity 
after mutation of serine 27 to glutamine, since the side 
chain of serine 27 is predicted to point away from the 
binding cleft. However, mutation of arginine 24, which 
lies outside of this area, to phenylalanine produced a 
protein with only 5% of wild-type activity, suggesting 
more complex interactions. Truncations of the carboxyl 
terminus, as well as mutation of aspartate 68 to leucine, 
generated proteins with 10-20% of wild-type activity. 
(Another carboxyl-terminal insertions] mutation dem- 
onstrated that O- linked carbohydrate in MCP-1 « may be 
added to a threonine in the carboxyl-terminal region.) 
These findings are consistent with a structural model of 
dimeric MCP-1 which is similar to interleukin-8, in 
which amino acids that point into a cleft between the 
two carboxyl-terminal a-helices of the subunits are im- 
portant for receptor binding. In addition, however, 
amino acids at the amino terminus and others outside of 
the interhelical cleft are also essential for activity. The 
carboxyl-terminal a-helix is not required for signaling 
per se but is required for maximal specific activity. Fi- 
nally, four mutant proteins partially inhibited the abil- 
ity of wild- type MCP-1 to attract monocytes in vitro. In 
particular, mutant 7ND (deletion of amino acids 2-8) in- 
hibited MCP-1 activity by 50% at a molar ratio of 75:1, 
displaced MCP-1 from its receptor on monocytes at a 



* This work was supported in part by United States Public Health 
Service Grant CA53091 and by a grant from the Sandoz/DFCI Drug 
Development Program. The costs of publication of this article were 
defrayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement" in accordance with IB 
U.S.C. Section 1734 solely to indicate this fact. 

X Recipient of a Junior Faculty Research Award from the American 
Cancer Society. To whom correspondence should be addressed; D930, 
Dana-Farbcr Cancer Institute, 44 Binuey St., Boston, MA 02115. 



similar ratio, and bound to a single class of receptors on 
human monocytes with a K d of 2.6 nM. However, 7 NT) 
bound only to 10% of the number of receptors to which 
MCP-1 bound, suggesting that part of its inhibitory ac- 
tivity may be due to binding to MCP-1 itself. 



Chernokines are proinflammatory cytokines that attract and 
activate specific types of leukocytes (for review see Refs. 1 and 
2). Members of this protein family share common structural 
motifs, in particular the positions of 4 cysteines, as well as 
other highly conserved regions of primary structure. Despite 
their structural similarities, most chernokines have nonover- 
lapping target cell specificities. Chernokines can be grouped 
into two subfamilies based on structural and genetic criteria. In 
the chemokine-a proteins, a single amino acid is interposed 
between the 2 cysteines nearest the amino terminus (for this 
reason they are also known as C-X-C proteins), and their genes 
cluster on the long arm of chromosome 4. In the chemokine-/3 
proteins, the 2 cysteines nearest the ammo terminus are adja- 
cent to each other (thus C-C proteins), and their genes cluster 
on the long arm of chromosome 17. In terms of secondary or 
tertiary structure, it is unlikely that the intervening amino acid 
in the chemokine-a proteins has much significance (3). 

For the most part, chemokine-a family members attract and 
activate neutrophils, although other target cells have been 
identified. A great deal of structural data has been generated 
for two chemokine-a proteins, namely platelet factor 4 and 
IL-8, 1 the latter of which is a neutrophil -specific chemoattrac- 
tant. Crystal and solution structures for IL-8 have been solved, 
and both suggest that IL-8 is a homodimer in which the car- 
boxyl-terminal a-helices of each subunit overlie two three- 
stranded anti-parallel 0-sheets (4—6). This provides a cleft be- 
tween the two a-helices which is predicted, by analogy to other 
structures, to be an IL-8 receptor binding region. However, 
mutational analysis has demonstrated an absolute require- 
ment for the amino terminus of IL-8, in particular amino acids 
4—6 (glutamate-lcucine -arginine (ELR)), for neutrophil chemo- 
taxia and activation (7, 8). 

In contrast to the chemokine-a proteins, chemokine-p' pro- 
teins tend to attract and activate monocytes. In particular, 
monocyte chemoattractant protein-1 (MCP-1) attracts mono- 
cytes in vitro at subnanomolar concentrations (9, 10). MCP-1 
expression has bf*en detected in a variety of pathologic condi- 
tions that involve monocyte accumulation and activation, in- 
cluding atherosclerosis. Much less is known about the struc- 
ture of MCP-1 than the structures of IL-8 or platelet factor 4. 
For example, there is no direct evidence that MCP-1 ib active as 
a dimer. By analogy to IL-8, however, proper disulfide bridging 



1 The abbreviations used arc: IL-8, intcrleukin 8; MCP-1, monocyte 
chemoattractant protein-1 
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is probably necessary for activity (11). Because of their similar 
primary structures, MCP-1 is predicted to have a higher order 
structure like that of IL-8 (3). In fact, it has been shown that 
mutation of 2 amino acids in the putative receptor binding 
domain between the two or-helices of the presumed MCP-1 
dimer destroys its ability to attract monocytes (12). 

Because regions outside the interhehcal cleft of IL-8 are 
clearly necessary for activity, we hypothesized that a similar 
situation would apply to MCP-1. We have constructed a series 
of mutants involving the amino terminus, the first intercys- 
teine loop, and the carboxyl-terminal a-helix of MCP-1 and 
tested them for their ability to attract monocytes in vitro. We 
have also examined these mutants for their ability to block the 
activity of wild-type MCP-1. Our results point to the amino 
terminus and specific areas of the first intercysteine loop as 
being necessary for monocyte chemoattraction and to the 
carboxyl-terminal a -helix as a region required for maximal 
potency. 

MATERIALS AND METHODS 

Construction of Epitope* tagged MCP-1 and MCP-1 Mutations — 
Starting with pGEM-hJE34 (human MCP-1 cDNA in pGEM-7 (Pro- 
mega, Madison, WI)> (13) as template, recombinant polymerase chain 
reaction was used to insert 30 nucleotides immediately 5' to the termi- 
nation codon (position 366) encoding the amino acid sequence GGDYK- 
DDDDK. The last 8 amino acids of this insert represent the so-called 
FLAG epitope (14), and the firBt 2 glycines were included to provide a 
"a pacer" between MCP-1 sequences and the epitope. Sequence analysis 
of the resulting cDNA revealed no other base alterations, and the entire 
cDNA was cloned into the expression vector pmt21 (a derivative of 
p9 10 23(B) <15)) to yield a plasnnd designated pFX2. Similar techniques 
were used to insert the FLAG epitope and spacer immediately 3' to the 
codon for aspartate 3 in processed MCP-1 (nucleotide position 146); this 
expression plasmid was designated pFX3. (The amino terminus of pro- 
teo lytic ally processed MCP-1 is giutamine and is designated as position 
1 in this study.) With pFX2 as template, recombinant polymerase chain 
reaction was used to insert termination codons or single amino acid 
changes as listed in Fig. 4. All mutations were confirmed by sequence 
analysis of both DNA strands. (Sequences for oligonucleotides used in 
generating FLAG epi tope-tagged MCP-1 or its mutations are available 
on request.) Wild-type MCP-1 was purchased from Genzyme Corp. 
(Cambridge, MA). 

Expression of MCP-1 and Its Derivatives — COS cells were suspended 
in serum-free Dulbecco's modified Eagle's medium at 5 x 10* cells/ml. 
Four x 10* cells {0.8 ml) were placed in a cooled electroporation cuvette 
with a 0.4-cm gap, 10 ug of plasmid DNA was added, and the cells were 
electroporated at 0.36 k V, 960 microfarads (yielding a time constant of 
16-17 ms). Cells were allowed to recover in the cuvette at room tem- 
perature for 10 mm and were then plated in a 100-mm dish in Dulbec- 
co's modified Eagles medium with 10% bovine calf serum. After 24 h, 
the medium was changed to serum-free Dulbecco's modified Eagle's 
medium. After an additional 48 h, conditioned medium was collected, 
cells and debris were removed by centrifugation, and the medium was 
stored at -20 °C. 

Immunoblotting — Conditioned medium from transfected COS cells 
was concentrated — 60-fold using a Centncon-10 device (Aimctm, Dan- 
vers, MA), boiled in sample buffer, and subjected to electrophoresis 
through a 12% polyacrylamide gel in SDS. Proteins were elect rophoreti- 
eally transferred to nitrocellulose and probed either with an anti-FLAG 
M2 monoclonal antibody (International Biotechnologies, Inc., New Ha- 
ven, CT) or with rabbit anti-MCP-1 antiserum (13). Blots were devel- 
oped using the appropriate horseradish peroxidase-conjugated second- 
ary antibody and substrate solution (Vector Laboratories, Burlingame, 
CA). 

Quantitation of MCP-1 and Its Derivatives — MCP-1 was expressed as 
a FLAG fusion protein in Escherichia coli using the FLAG biosystem 
and purified using anti-FLAG M2 affinity gel (International Biotech- 
nologies, Inc.). Known amounts of pure FLAG-MCP-1 fusion protein 
were included in every immunoblot for MCP-1 produced by COS cells. 
Immunoblots were then analyzed by laser densitometry (Pharmacia 
Biotech Inc.), and the mass of each COS cell-produced protein was 
determined by reference to the FLAG-MCP-1 fusion standard. The 
amount of COS cell supernatant loaded in each well generated an 
immunoblot signal within the linear response range of the laser densi- 
tometer. When possible, samples were quantitated using both anti- 
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MCP-1 (ng/ml) 

Fig. 1 Wild-type MCP-1 and earboxyt -terminal epitope tagged 
MCP-1 (FX2) were produced by transient transfection of COS cells and 
quantitated by Western blotting as described under "Materials and 
Methods." Varying amounts of both proteins were used in monocyte 
chemotaxis assays, and the number of monocytes per high powered field 
ihpf) which migrated in response to each protein was counted. Solid 
line, wild -type MCP-1; dotted line, FX2. 

FLAG and anti-MCP-1 antibodies There were no disparities between 
the amounts of protein determined with the two antibodies except when 
one of the epitopes was absent (see "Results") 

Monocyte Chemotaxis — Human peripheral blood mononuclear cells 
were prepared from volunteers as described (16). Chemotaxii assays 
were performed using a multiwell chamber fitted with a polycarbonate 
filter having 5-um pores, as described. Each COS cell supernatant was 
tested over a wide range of dilutions, and the concentration of monocyte 
chemoattractant activity in each supernatant was denned as the in- 
verse of the dilution producing half-maximal chemotactic response (17). 

Purification of 7ND — Mutant 7NTJ was expressed in stably trans- 
fected Chinese hamster ovary cells as described (18, 19). Conditioned 
medium was loaded onto an anti-FLAG M2 affinity gel (International 
Biotechnologies, Inc.). the column was washed with phosphate-buffered 
saline, and protein was eluted using 0 1 u glycine hydrochloride (pH 
3.0) followed by neutralization using Tris base. Protein was quantified 
by Bradford assay (30) and its purity assessed by SDS-polyacrylamide 
gel electrophoresis followed by staining with Coomassie Blue. 

RadioLodination of 7ND — Pure 7ND was radioiodinated using 
Bol ton-Hunter reagent (DuPont NEN) and separated from unincorpo- 
rated reagent by gel filtration chromatography Analysis by SDS-poly- 
acrylamide gel electrophoresis showed a single radioactive species of 
appropriate M r . Specific activity was in the range of 120—204 uCi/ug- 

Rcoeptor Binding — Human monocytes were purified from Leukopaks 
obtained from the Blood Component Laboratory at the Dana-Farber 
Cancer Institute. Peripheral blood mononuclear cells were isolated by 
Ficoll-Hypaque density centrifugation, and monocytes were purified by 
centrifugal counterflow elutriation as described (20) Binding experi- 
ments using radioiodinated 7ND or MCP-1 (DuPont NEN) were per- 
formed as described (20). 

RESULTS 

Epitope -tagged MCP-1 — Using polymerase chain reaction, 
we modified wild-type MCP-1 cDNAso that it encoded a protein 
with a FLAG epitope tag. In the tagged protein, the amino acid 
sequence GGDYKDDDDK appears after the carboxyl-terminal 
threonine of processed MCP-1. This protein, designated FX2, 
was expressed by transient transfection in COS cells and quan- 
titated by den si tome trie analysis of an immunoblot using an 
anti-FLAG antibody and a standard amount of FX2 purified 
from a bacterial expression system Serial dilutions of condi- 
tioned medium from COS cells transfected with FX2 were used 
in a monocyte chemotaxis assay as shown in Fig. 1. At the same 
time, wild-type MCP-1 was also produced by COS cell trans- 
fection (16) and quantitated by densitometric analysis of a 
Western blot using an anti-MCP-1 antiserum and a standard 
amount of FX2. This material was also tested in a monocyte 
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should r>haw aals" a eiiiirk'- band, and altbou^b tbiff- t;*ue Air 
V*f6pare.tior,s of 0.1, pre p.'o.vitiovio a* D2 .shaw a Jieeand, lower 
rnoJecuJo-c w^ijibt l. ; arid. D2 std; ha* a fteri.ne (serine *>3 ; its 
e.'ivai-^xyl !:t»r«-jii;us. «-herta:; Til dae-i nvi. Wltetbec 02 » second 
aperies is dvrff to •ui.i.bx^tioe. of ohis aoteet^n gly^a^yiatian sire 
a " U !■ pi x>teo ly t i d t ; £ rad at i <mii i s e o.r roe t ly 1 1 n k n«wrs . 

1'. is possible - bat lower maUsenlar wi-l^'t-t b&nde- of sori;y y-' 
t he «th r; r. e i - f.-a.rl>e\yJ -leyiri in fi t i i':;.r: r:a f;i oil tm niifocte nts 
shown in Piji. 2 nd^ht be duo ta pratt-'dytio dt-aradati<»n. This i;< 
uniikely far two realms. Finst , tht: antX'PLA(5 an;ihody «le- 
t.eetati epit>>p*: fa prot.eias. ii' v/'nieh it w;\s ex preyed. 
Since the epitope w;is i>!;jcod at the ta.rboxyi itrnitauo, a»r- 
V* r>x v y p«.« i>tid a>o v-.ati^ity w : ->uld b;>.vt: lx*en revealed as Man of th« 
FXjACi epitape -n one f;; the bnfuf-; slifi recii^fd/od ay a.et,v 
Iv-OF- i. Thi:i e/a:, net .observed. S-.-j<;-jnd, the rabbit aiiti-Mv'P-i 
syj um deiectyd <>JJ ibf ff-s t?f MCF-'i. e.<eept l«>»- the aroiooa'erini- 
?iai deliitlon and af-djio-tera-iti-i.l poicf; -nutati-ms (Fig. 2). Thu& 
?be predominant e pi tapes deteettr:1 by this jwiroin are at the 
amino let 'minus- •>(' MCi'-l. and a-r.i -.iof>:»pl.idiisa activity w«uM 
have brer, n/.-veAb'sd as loss of aeti -M(;P - i coa*;tivity in cnt; of 
ihe band* alii: f£COsp.ri£«d by anti-KLAii. Tbi;s vves t - »n?y ob- 
::t?rv«d for fb-.i a?nino-( .e? Eihaai deletion aiid point f nutans, 

Activi. ty of M(. "s ' ■ « A/?/ 1« tjo»< - - lis uk\ an m ad o J i n ^ o: *ns it lor- 
mii't-fy. as «veU ;is st> iiot:ire'<i*'i.:vil v d«i« froro. etlief ebeaifjkine? 
nn particular we *:en^trvjcv.-<i MCF1 tnuia : aoas in tbr**- 

royiyns-. the an;irt«> f,errr;irKi~. tb»i ("i ;:#»(. irjitireysTeine lo<>V'- fc^d 
the t'arboxyl-terminnl prediv : -?d a-b^lix (bi^s. 4 a;id '*;. At the 
;i.adr:fj arro>io.i;^, in;sertioi-t of th-.: Fl*:\G epp.i-?;e aft^ir iispariaie 
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Fit; .'4. Using recotrbi»l«ni poiyrrier.-,i~>> thain r<--M tier., nuch''.' lid £> 

f-UlWeS ette'xlb":# tin* 8.:WV*»<> field *<ff 'WW* RSiASV w< ;v ; ilVvf OlUlOt ■<! 

-■ear the viivt ■>? the MOiM c0NA o'.-tiin-r rvgiva v;-- indicated. A-ier 
\rr, n',>;<: sn ivjinst'twiiov: oi bidi'tii^f ••:%r>r4v*ry'orj v(\:uii';i bito COi-i vs-ils. 
«val# weir* radi«>J»J.>i.i«i wit;. |/ r, Sj;.m-tbj«;'ur.e. ooit conditioned werfarcr* 
y/»» sutyesied to SmtAuxw* x:v?i:i*-''t3tii'*o u^jnjr oftt-?.,\iCF"-i m'ltise-Mra. 
.Iroiaur:': vjfwi j-i(^jt.i>^ wsTi* «j(r-f.'?.";".«?jh(;r«s*;«j. ihimi^.t) .'j \~yY< ;.<<;; Vocivbi to - 
Ule f>Vi*m iV/r t-:> r'.t^hi: first tan* ^ vector a1o:i£: >>\:<"-fl<.' >'<»!<', vile-tvpe 
MOP-i. r>o/;i wn\ MCP-;. ~:th Ii&A$V wwert. 

; r J in vvtlo-type IVtGF- i. destroyed tho protein's roovfocyte che- 
tnoaitraetant activity <FXo* : . Consistent, with that litaitng was 
the fn;:i: that deletion e famine adds 2 --o* liii-v- yuiidtal an inac- 
tive: protein. In on ut.teaipt to ueeonxpfsh fmev xxinpninfj. wt i 
changed the 2 charged amino acids in Uu» region tampan ate 3 
end ai-paragirw: 6' to alanine. Ghanxpog aspartate 3 dgnifi 
co.at.ly 'v-kieed the activity of r.b*:- protein., whereas chon^i.ng 
a^parayine 6 yielded a protein thai retained S2.^. of wi;d-t.vpe 
MOT* -J"* activity. 

Next, v/o euri.«tnw'ted lour -point -nutation* ir; the Sr*t toU 1 )-- 
eyst;-me loo*..-. Mutations of ar^nim- 24 to phenylalanine 
:RL:4F"'t, tyrosine o.spiirtate tY3fel); t and an/dmo.*: 30 to 

ieuctne ■K30L) all produced proteins wit ft activities that were 
unty a fraction of wild liowover, rmit-iUon of anothnr poh»r 
mamo acid in the* *aroe region, namoly serine %'i to glv.tr: rime 
*H27Q;, procured a protein with «30 : ;*: of wild-type ;tcti vtiy. 

Final }>*, TtiaRipuJAtiotirf of th«: Ofj.i bt:?*yi-f.t:rro.ina; ty4M>Hx pro- 
uucfrd prtjt<; ; irto that ss'trt.' sti'U abU ti> f-;iji - aa: bui h^ci reduced 
pouinc y crrni parted with. v/Hd-typf;. D?-)etk>r:'» oK hair (D2.) or 
(Dl; of Ui« a-helist yitOdod prot^irifi with JV ;:(ic li. of vvjld- 
typ«* a;rt)v[l:y f r«r>p<*rt:v(:!y. In tht? prtMiic^id jnoiiof struct axe :>f 
dimvtnc MCf'-l, ««part.at.e B# proj«:?r?.s into the dt- ft h<?t\vcof: fcbe 
-^-heiux»s (3). MutitticT- 5 of this aimtw atrtd U) it; ac-.v.v iDG&L> 
had Uit- sain<! oftt-ct a:i deletion af tht s.n-irt: htrlix. 

C-un m <f>i:!.;tliin for 3;:>io<pr<rJ Kffwux — Wo ntxf- tewt^o: r,\:jt,'jtion^ 
for their ability to int-ibit rtumocytt* cht'tnotaxis r } i vHro in r:;- 



sponst- tc- noniV;Ut.at.<?d M( : I'": .To a fr>.< c >.-(■: icon i ratio;) of FX^. 

ftdded ••;.»cr««»iivi t4r.iu>*;.»>r.s of ;.\^- : d.iu.:.>': v-oti<J.itU - -r3*?d i>y COS 
oo; exprassits^ ;nutr.nt protihaiv Vv'e tound that V2BD, K2-1F, 
7 KTi, <\ff d D 3 <\ d -^m i - r, ^tsvi u--:l an a i tuy t inhibit ™) i d ■ typt - 
MCP-1 10 varying dyj-rws (dt:t« i - :ot fthovvr:.ii. 7NT> ;jpp:;;iif;d t.t> 
ho T!:0,*>t pot* J n; and > o; ; r-x;itniuod ;n ii(v:i';; i r detatl. Fit;. 3 
shows th:H 7ND »rd-:ih':t»-:d TvTClF-'J > .ihihry toatr.ro;:) inon->- 
cytos vilti an ID-.,, a rn->iar >a,ii:- of 7o:; or f;,;.:u't>ri action of 
35 rxM in the prtr.-'^nco af f; ng/vrd MOI-'- '1. Thxr tnhibiti-*n ;^ 
specific to? MCP-i. >iri<:t 7NI) did y;ot inhibit rooufx^-U*: cht>wo- 
taxis in n«poi-?5« to 10'' %t tora • y i - nui-vhiony ; -te ucy I - ph* nyi a ia- 
n.inr (data not. shawr.'. 

'f \> t.*» *t 7 N O V, : ; - i o i i J y u, ' o f ■ d 1 0 or: o-ryv: . "ao ^'rffirnw.-d 
Tocoptor b;ne.hi£, f m-.f.nys r-n hurrian rnonofv ust.n^ * NO. 
fr. &i:\i~fj i«=p; aetv.axtv/i v v ».osay«» i F.ij?. ii/V TNI) r tgtv.Ztid <• singlo 
chts^j of receptor oil huuiaa inoaooy te^ with a of * 
n«, which is iipproxivKately - fold lo>s*t-r than tht: alT-rtlty of 
•v^'ild'type MCP-1 for iu~ rvceptov iii kindly v c^pt^riftiontR t'Pi^. 
t>/i >> i.f>, D.i)4 * ( n:>'-.. Vhizt ihia rec«pt«jr i» prob&Wy the 
.MCF-J. rooootor w/is diirrxt-nstrist*--*! l«y dispfacora^nt oxnori- 
iriei»t~ in which eMca** t:n':3bei**d 7Nl> Ah J*? to ci«pxat> H : 
I£ ' r FM(-F I iromt Tn<niOcvt^:j <Fj^. i /i : Siniiiuriv. exce^.» uida- 
holod MOP- • f^k-i^rJy di^picu.od 1V ^-7ND < Ki£. HA k Tht> d<r- 
•rivvd K., for ,v 'i-?N*> v^as the same whether cnld VNDorMCP-1 
wuii usa'ri thr iHs-jiaramet-t:. IFc>W:;vor, the £„. f:<r '^il iVSC^F-l 
;,tr>pro«c>«*d if' at of ::> 'd-7W.D v<hef ; oolrJ 7Nf> wt:s nsffd for di*- 
pi&iS;mt-trL baiorostiiigiy, r-xport;R£Miti : using :3> 'I«MCP'I id^xiti- 
f,od ^ l-t^O binding siio^'i^il <nvora^-r of fivo i-xptrH- 

mera* : , vliereii* t^to^e v:«i«g --'I-7NP id^n lifted only 840 + 56^ 
sitos-'coO iav^ra^o i-i'six oxpo»-irooi;ti<). 

Ba;>ed on th*-* obsorvatjoii of 7NDV* ahiitty to :nhiV:f. FK?- 
activity, we t.osto,d a peptide c»rai prising tht? lirst 10 amino at* ids 
of proc«s««:d Mt'^F- 1.. This poptid«r n'dthar had im.riTi«»c mono- 
cyte cheaicattractant a'.uvity, nor did h inhibit actudty of 
wrid-iypo MCP- f . 

DI3«::l-'S??J.OW 

la the aV>Hf^txo.« of ^iri;;uxi >t: data for .MCF-J.. there is no 
cotnpiett' tot i text iit a?hich to interpret our results Tf;<* v.\%xt- 
tne«fcs th:rt follow rrl^' heavily on the strut* tural mode iinjf work 
of Gr one)) bom a,nd 01 ore <o' rjnd on biochemical and gfix fxhra- 
thin rtr'-ijx!,-? that pr- ;du t tht 1 oxistonce oi'^K^F-l diiners* If 
the irtodohtti; is correct, M.CP-.i ?>hari;d h<»«'« vh.t» structure stthc- 
inatizrrd in Fiti. 7, in winch wi> rtave hidicated amino «eid? that 
wtiro roxttatod tn *.'hi:? stxtdy. Of rotir-io, ;.'his rtructu't 1 recuires 
i'oofnrour.ton by <:ry~ro: ni\ai.yx\x nr NMii-d^nved solution 
structure, 

Oax mxtration^ thotis^d oxt thiv;:- region? o: xv!C*F-l. r*lr«i, 
amino acid* in tho yjnitjo-teioiiiioj rc<,'ion appear u> he ahso- 
iutely Aripaired tor MOP- l.'s merit -ttyte rhexroattrticiant itctivity. 
Both 7ND (amino-tyrtninrtl o<^of.iojx p.v:u«U and FXft fi-rrdrtu- 
tvrminai ixi«4?rvion inuiant; had ahr-oso., jio activity coiripared 
xvi * f; wt i d ■ type MO P - 1 . Y>\ ti't h e tiv: o r *; , at I o as t 1 oha r f, r -j*J am ; no 
acid :a vlo~> reyjon. nApartai-e 3. i- fUH'^s^ary for aetiV:t,y, 
whereas tht- only other charged amino acid in th:* re^)oa, a^- 
pAia^ioe 6. :.-> not, Tin:^<:' reAiih.v .ere rcuxinisreni of work ;m- 
piicaiir-jrthe amino-t-ernrUiai region of ll.-ft > h'; particular amino 
acid;; 4-6tE3Ji'>, in nt JXDKtphi: acti\»auot> and r^:>-ppjr bidding 
<7, S). Although the impo-.tttn.c4* of FI..R mij.»ht have horin in- 
ierred by it;? o:jnrer*.<it;ort at?)0Tt^ the neutrophil active chemo- 
kir»e-o v* i ote i r- s , t h e ;-e is oo si rxi i ; or r .o o ;se r v at t ■ ; n of as p ; i rta te. i l 
or ti* nei.gltboring -;*tnifio actds atu^tiy the aionucyte-actrvf/ che- 
rr;f;kine-f.i proteii-s. Tbus it remains tu h*:- deieraot-iid whether 
ih.is portjo.u of MCI-"-; <:ootovos ;> mono. ry to ( *hoir:o,iUrat:t'irjt 
;notii tba) wouic imparl sum in r activity :.o aaotber protein, as 
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Fio. 4. Schematic representation of MCP-1 mutations. WT is wild-type, and other designations are described under "Results * Each 
mutation was expressed by transient tranafection of COS cells. The concentration of monocyte chemuattractant activity in the conditioned medium 
of tranafected COS cells was determined by in vitro monocyte chemotaxis assay as described under "Materials and Methods." The concentration 
of MCP-1 or mutated MCP-1 protein in conditioned medium was determined by densitometric analysis of immuno blots. Conditioned medium of 
COS cells tranafected with a control vector contained 15 units/ml (of monocyte chemoattractant activity), whereas conditioned medium of COS cells 
transfected with vectors encoding FX2 or wild- type MCP-1 contained 400-600 units/ml. 
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Fio. 5. 7ND was purified as described under "Materials and Meth- 
ods," and increasing amounts were mixed with 5 ng/ml wild-type 
MCP-1. Mixtures were then tested in monocyte chemotaxis assays. 
Error bars represent the standard error for two separate wells in a 
■ingle experiment, and this experiment is representative of two others. 

the addition of ELR imparts neutrophil chemoattractant prop- 
erties to platelet factor 4 (24). 

Second, alteration of 2 amino acids in the first intercysteine 



loop, tyrosine 28 and arginine 30, almost completely destroyed 
monocyte chemoattractant activity. These results are similar, 
but not identical, to those of Beall et at. who demonstrated that 
a double tyrosine 28/arginine 30 mutation lost monocyte che- 
moattractant activity (12). In contrast to their results, our 
single Arg-30 — *■ Leu (R30L) mutation had no activity, whereas 
their single Arg-30 — » Val mutation retained activity. The dis- 
parity may be due to the different substitutions. Regardless of 
this difference, according to the predicted structural model of 
MCP-1, the side chains of tyrosine 26 and arginine 30 should 
point into the interhelical cleft, and loss of monocyte chemoat- 
tractant activity in Y28D and R30L is consistent with this 
region's putative role in receptor binding. Also consistent is the 
persistently high activity of S27Q, since the side chain of serine 
27 is predicted to point away from the cleft (3). Valente et at. 
(25) also indicated the importance of this region in receptor 
binding by demonstrating that a peptide composed of amino 
acids 13-35 had chemoattractant activity and competed with 
MCP-1 for receptor binding. However, these activities required 
nearly millimolar concentrations of peptide. 

Receptor interactions in this region are probably more com- 
plicated than this model suggests since mutation of arginine 
24, which lies completely outside the interhelical cleft, to phe- 
nylalanine drastically reduced monocyte chemoattractant ac- 
tivity. IL-8's corresponding amino acid in this position is also 
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Fig. 6. Panel A, 1IS I-7ND (0.12 nM) was added to 10 7 elutriated monocytes in the presence of increasing amounts of unlabeled MCP-1 (closed 
circles, solid lints) or 7ND (open circles, dotted lines). Binding was determined as described (20), and data were analyzed using the Ligand program 
(29). Left, displacement curves; right, Scatchard transformation. Panel B, :2 *I-MCP-1 (0.12 ilmI was added to 1(1 7 elutriated monocytes in the 
presence of increasing amounts of unlabeled FX2 (closed circles, solid lines) or 7ND (open circles, dotted lines), and binding and data analysis were 
determined as in panel A, Left, displacement curves; right, Scatchard transformation. 



phenylalanine, but phenylalanine is not conserved among 
other neutrophil-active chemokine-c* proteins. In fact, a num- 
ber of chemokine-0 proteins also have phenylalanine in this 
position. In IL-8, this amino acid is involved in hydrogen bond 
interactions that stabilize the loop between the second and 
third ^-sheets (6). Although this region is not predicted to be 
involved in similar interactions in MCP-1, nonetheless alter- 
ation of arginine 24 may have disrupted other intra chain sta- 
bilization interactions. It is certainly possible that some mu- 
tants, such as R24F, may have lost activity because the 
introduced mutations severely disturbed the three-dimensional 
structure of the proteins. However, our extensive study of 7ND 
showed that it bound with high affinity to specific receptors on 
monocytes (most likely the MCP-1 receptor itself, based on 
displacement data), suggesting that this mutant, at least, had 
sufficient conservation of its three-dimensional structure to 
permit receptor binding. 

Third, mutation and deletion in the carboxyl-terminal region 
of MCP-1 yielded proteins that were still capable of eliciting a 
monocyte chemotactic response, but with much lower potency. 
This is similar to carboxyl-terminal truncation variants of IL-8 
which also displayed 10— 20-fold lower activities (8). In IL-8, 
some of this reduction may be because the a-helix binds hepa- 
rin, which enhances the activity of IL-8 (26). Preliminary data 
suggest that heparin also enhances the activity of MCP-1, 3 and 
it will be of interest to determine if MCP-l's a-helix is respon- 
sible for this enhancement. 

Taken together, these results imply that like IL-8 (27) and 
C5a (28), MCP-1 contacts its receptor at multiple sites. The 

3 Y. J. Zhang and B. J. Rollins, unpublished observations. 



structurally compact region of C5a is believed to contact the 
extracellular amino terminus of its receptor, and the more dis- 
ordered carboxyl terminus is believed to contact regions within 
the receptor's 7-transmembrane core at a point below the plane 
of the cell surface (28). It is tempting to ascribe analogous 
binding functions to domains of MCP-1 identified in the present 
work, e.g. MCP-l's interhelical cleft might bind to extracellular 
portions of the MCP-1 receptor, whereas the amino terminus 
might penetrate the receptor's 7-transmembrane core. The 
properties of mutant 7ND are consistent with this model: 7ND 
binds to specific receptors on monocytes and displaces wild- 
type MCP-1 from its receptor, suggesting that 7ND binds to the 
MCP-1 receptor without activating the signaling cascade. The 
absence of signaling by 7ND might be due to the absence of 
contacts with the receptor's 7-transmembrane core which are 
ordinarily supplied by the amino-terminal region of MCP-1. 
However, there is currently no direct evidence for such inter- 
actions. 

Interestingly, some mutations, such as 7ND, R24F, Y28D, 
and D3A, were able to inhibit wild-type MCP-l's chemoattrac- 
tant properties. As noted above, 7ND appears to be a competi- 
tive inhibitor of MCP-1, perhaps by blocking wild- type MCP-l's 
amino terminus from interacting with the receptor. However, 
the number of binding sites/mo nocyte for m I-7ND was only 
10% of the number of hinding sites for 12S I-MCP-1, and the K d 
for l20 I-MCP-l in the presence of excess cold 7ND was 3-fold 
lower than its K d in the presence of excess cold MCP-1 (see Pig. 
6). These confusing results might be explained by invoking a 
model that relies on two assumptions: (i) that MCP-1 forms 
dimers and that 7ND can bind and inactivate wild-type mono- 
melic subunits, and (ii) that MCP-1 has a similar affinity for 
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Fig. 7. Hypothetical structure of MCP-1 dimer, by analogy to 
Hs>8'a structure, based on work of Gronenborn and Clore (3). 
Rectangles indicate 3- pleated sheets, stippled cylinders indicate a-hel- 
ices, and dotted lines indicate disulfide bonds. Amino termini are de- 
picted as extending below the plane defined by the fi-aheets, but their 
positioning is arbitrary because these regions are disordered in IL-8 
structures. Single amino acide substituted in the present study are 
indicated by their numbered positions. 

two distinct receptors, whereas 7ND recognizes only one of 
these which represents 10% of the total receptor number for 
MCP-1. Our preliminary data suggest that MCP-1 does form 
dimers under physiologic conditions and that 7ND can bind to 
wild-type MCP-1. 2 According to this model, 7ND would effi- 
ciently displace 126 I-MCP-1 by a combination of mechanisms, 
namely competition at one set of receptors (10%) and dominant 
suppression at the other (90%). This model is highly specula- 
tive, and experiments are now under way to determine directly 



if 7ND acts as a dominant suppressor and if there are two 
classes of MCP-1 receptor. Regardless of their mechanisms of 
action, these mutants are interesting structures on which to 
base further work on MCP-1 inhibitors. 
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ABSTRACT Chemokines are a family of pro- 
teins involved in inflammatory and immune re- 
sponse. They share a common fold, made up of a 
three-stranded p-sheet, and an overlaying tx-helix. 
Chemokines are mainly categorized into two sub- 
families distinguished by the presence or absence of 
a residue between two conserved cysteines in the 
N-terminus. Although dimers and higher-order qua- 
ternary structures are common in chemokines, they 
are known to function as monomers. Yet, there is 
quite a bit of controversy on how the actual function 
takes place. The mechanisms of binding and activa- 
tion in the chemokine family are investigated using 
the gaussian network model of proteins, a low- 
resolution model that monitors the collective mo- 
tions in proteins. It is particularly suitable for eluci- 
dating the global dynamic characteristics of large 
proteins or the common properties of a group of 
related proteins such as the chemokine family pres- 
ently investigated. A sample of 16 proteins that 
belong to the CC, CXC, or CX 3 C subfamilies are 
inspected. Local packing density and packing order 
of residues are used to determine the type and range 
of motions on a global scale, such as those occurring 
between various loop regions. The 30s-loop, al- 
though not directly involved in the binding inter- 
face like the N-terminus and the N-loop, is identified 
as having a prominent role in both binding/activa- 
tion and dimerization. Two mechanisms are distin- 
guished based on the communication among the 
three flexible regions. In these two-step mecha- 
nisms, the 30s-loop assists either the N-loop or the 
N-terminus during binding and activation. The find- 
ings are verified by molecular mechanics and mo- 
lecular dynamics simulations carried out on the 
detailed structure of representative proteins from 
each mechanism type. A basis for the construction 
of hybrids of chemokines to bind and/or activate 
various chemokine receptors is presented. Proteins 
2001;43:150-160. © 2001 Wiley-Liss, Inc. 

Key words: cytokines; transmembrane receptors; 

leukocytes; collectivity in binding; low- 
resolution models 

INTRODUCTION 

Chemokines are a large family of proteins that act as 
chemoattractants and activators of leukocytes in the in- 

© 2001 WILEY-LISS, INC. 
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flammarory response of the immune system (see Baggi(^« 
lini 1 and references cited therein). They are attractiv^V 
targets for the blockade of inflammatory disease progres^ :j 
sion. The activities of chemokines are mediated through^] 
their binding to specific seven-helix transmembrane recep- 
tors. Chemokine receptors may be specific for one ligand,$.| 
or they may bind several chemokines. A subset of cherao^ 
kine receptors function as co-receptors for infectious agents '; 
human immunodeficiency virus type 1 (HIV-1), amongl^ 
others." Understanding the structural basis for receptor^ 
selectivity has become an important goal because the^' 
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tional features, on both global and local scales, may be| 
essential for an assessment of the effect of mutations and( 
for devising mutants with more efficient receptor selectiv-.V 
itv. sv 

Much work on chemokines has dealt with elaborating on i 
function of the chemokines from structure, which is founded ■ 
on a common scaffold whereby the well-defined regions, 
contain a series of three antiparallel p-strands and a* 
C-terminal a-helix. The region preceding the (31-strandis 
divided into two sections containing the disordered N- > 
terminus and a somewhat more ordered N-loop. These twdr 
section; are joined by a short peptide segment (2-5 resi-; 
dues) terminated on each side by two of the four conserved 
cysteines in the family. The section connecting the pi- and 
fl2-strands is called the 30s-loop, as it contains residues 
indexed in the 30s, and has been implicated in playing 
some role in receptor binding andVor activity. 3,4 Similarly, 
the loop joining the fJ2- and £3-strands is called the 
40s-loop. The C-terminus a-helix is followed by several 
residue? that do not have a defined structure. Two disul- 
fide bridges are formed between the four structurally 
conserved cysteines: The first cysteine in the N-terminus 
is linked to a cysteine located in the 30s-loop, whereas the 
second is linked to that in the p3-strand. 

The finding that the monomeric forms are functional, 
despite the fact that many chemokines are commonly 
found in dimeric or higher-order quaternary structures, 5 " 10 
has led to the earlier models for the interaction of the 
protein with the receptor. 5 Considerable effort has been 
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f^ eV oted to understanding the effect of point muta- 
tions, 9-14 truncation mutants, 9131516 and hybrids 3 11 13 
00 chemokine function, by studying their chemotaxis, 
yelease, and binding. Thus, regions in the N-terminus and 
jpe N-loop have been identified as the primary binding/ 
Activation interfaces, and a two-site model of interaction 
^between chemokines and their receptors has been pro- 
posed 1213 Studies that directly probe the dynamics of 
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^chenv kines are scarce and relatively more recent. 4 1 

t 1 all these studies, backbone dynamics have been probed by 
■ » l5 N relaxation measurements. Such studies provide in- 
I Fright on the residues involved in binding/activation mecha- 
^nisms, especially through slow conformational exchange. 
tCrurnp et al. 4 point out that structure alone does not 
^provide details on the dynamics of the protein; in particu- 
flar, information on functionally sensitive regions are not 
^accessible through a static picture of the molecule. Thus, 
[although considerable structural and dynamical data on 
.various chemokines have accumulated, there is no direct 
[evidence on the common mechanisms at play within the 
[family. By contrast, computational approaches for examin- 
ing the role of a whole family of proteins is prevented due 
fcto time limitations brought about, for example, by molecu- 
lar dynamics (MD) simulations. Consequently, informa- 
'^tion regarding large-scale motions, binding and activation 
f mechanisms, and their applications towards the discovery 
* of chemokines with improved binding features has not 
-been available. 

j, To elucidate the structural mechanisms for functional 
' activity, we mainly use a recently proposed dynamics 
model. It is a simple and analytical approach, 19 which has 
proved to characterize the equilibrium motions of folded 
'proteins efficiently, 20 for instance, flexibility- enzymatic 
activity relationships of HIV-1 reverse transcriptase, 21 
folding nucleus stability relationships of bacterial signal 
transduction protein CheY, 22 or the common dynamic 
features of proteins with similar architectures. 23 A similar 
coar e -grained approach has been used to study domain 
motions in large proteins. 24 - 2 " The method presently used, 
called the gaussian network model (GNM), is based on an 
analysis of the two structure-based parameters that play 
an eminent role in equilibrium dynamics of folded pro- 
teins 19,20 : (1) the packing density, which is the total 
number of bonded and nonbonded "contacting" a-carbons 
located within a sphere of 7 A radius about a central 
Q-carbon, and (2) the packing order that numerates these 
contacting a-carbon pairs. Within the time scale of equilib- 
rium fluctuations, which may be associated with a fre- 
quency spectrum, different frequencies contribute to differ- 
ent types of motion. 26 Lower frequencies associated with 
longer wavelengths correspond to the fluctuation of groups 
of residues with relatively larger amplitudes, 24 27 whereas 
higher frequencies with shorter wavelengths are mainly 
responsible for the most dominant pairwise interactions. 22 
Therefore, the former range is attributed to the motions 
that are relevant to function, while the latter is ascribed to 
the regions that are more stable than others. 20 " 22 - 28 As 
8 ucli, a modal decomposition of these vibrational motions 



allows to elucidate both the global and local motions, by 
considering the slowest and fastest modes, respectively. 

In the present study, we confine our attention to the most 
cooperative motions revealed by the lowest frequency, or the 
largest wavelength. The peaks and sinks observed in these 
concerted fluctuations indicate regions that may be impor- 
tant for binding and catalytic activity. 20,21 - 28 To capture the 
common features coupled to the intrinsic flexibility of the 
structure, we therefore investigate the fluctuations and 
correlations of fluctuations corresponding to the longest 
wavelength for 16 members of the chemokine family. In turn, 
we identify the underlying mechanisms that manipulate the 
binding to receptors. Our findings are corroborated by MD 
and molecular mechanics (MM) calculations carried out on 
the detailed molecular structures of selected chemokines. 

MATERIALS AND METHODS 
Gaussian Network Model of Proteins 

Details on the basic postulates of the GXM approach 
may be found in Bahar et al. 19 and Haliloglu et al. 29 In 
the present study, we give only a brief description of the 
calculations involved. For a protein of A T residues, the 
inter-residue potential of the coarse-grained model is 
given by 

3tf = ~ 7 rr(AR T rAR) 

where 7 is a single-parameter stiffness constant for repre- 
senting all pairwise interactions in the folded state, AR is 
the A^-dimensional hypervector of the fluctuation vectors 
ARj, AR 2 , . . . , AR jV of the a-carbons, tr designates the 
trace of the matrix enclosed in parentheses, and the 
superscript T denotes the transpose. V is the N x N 
symmetric Kirchhoff matrix, whose entries are defined as 



r = 



-H(r c - r y 0 i±j ] 
x 

- 2 r v t =j 



(i) 



where the diagonal entries (i = j) represent the packing 
density of the a-carbons and the off-diagonal elements 
depict the packing geometry. Here, r, ; is the distance 
between the ith and jth a-carbons, Hix) is the Heavyside 
step function given by Hix) = 1 for x > 0 and H(x) = 0 for 
.r ^ 0, and r c is the upper limit for the separation between 
two residues in contact. The value r c — 7.0 A was originally 
adopted, which includes all neighbors within the first 
coordination shell around a central residue. 1 " 

Experimental results refer to either the square of the 
root-mean-square deviations (RMSD), (AR, • AR-) reported 
in NMR derived structures, or the X-ray cry s tall ographic 
temperature factors, 

B, = 8TT 273 < AR, * AR,> 

of the high-resolution structure of chemokines. It was 
shown that 19 



(AR, • ARj) = (3k„T/y)\V l l 



(2) 
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where a proper choice of y is obtained by normalizing the 
theoretical results with those given by the experiments. 

The dynamic characteristics of a folded protein are 
described in terms of its natural frequencies oj p , 2 < p < N, 
of T, and the shapes of the corresponding modes of motion 
u p , 2 ^ /? < A r , of T (p = 1 corresponds to rigid body motion). 
The auto (i = j) or cross-correlation of fluctuations associ- 
ated with the pih frequency of the motion, <AR t • AR,) p , are 
found from 19 ' 29 

<AR, • AR,) P = (3£ B r/ 7 )K~H u jL = m B Th^;\n p l[\x P l 

where co p are the eigenvalues of the Kirchhoff matrix I and 
the subscripts designate the elements of the matrices (or 
vectors) enclosed in brackets. 

Molecular Mechanics Calculations 

The consistent valence force field (CVFF> implemented 
within the Molecular Simulations Insightll 98.0 (Molecu- 
lar Simulations, San Diego, CA) software package was 
used in the MM calculations. 30 Initially, the structure of 
the protein obtained from the Protein Data Bank (PDB) 3 1,32 
is solvated in a 5-A layer of water surrounding it, resulting 
in —1,250 water molecules for the proteins studied here. 
Group-based cutoffs are employed with a 9.5-A cutoff 
distance. A switching function is used with the spline and 
buffer widths set to 1.0 and 0.5 A, respectively. The system 
is energy minimized to 0.01 kcal/mol/A of the derivative, 
using conjugate gradients method. In this study, we are 
interested in the relative displacements of the atoms, and 
the criterion for terminating the minimization must be 
selected accordingly. Extensive testing on various proteins 
have shown us that the usage of a more stringent criterion 
(e.g., 10~ 4 kcal/mol/A) affects the absolute value of the 
energy attained, whereas the final atomic locations are 
within —0.01 A of their absolute minima at a derivative of 
0.1 kcal/mol/A. The RMSD between the original PDB and 
the energy minimized C„ coordinates is —0.8 A for 
the proteins studied in this work. These coordinates of 
the molecule are treated as the main coordinates of the 
equilibrium structure. 

The procedure for perturbing the C„ atom is as follows: 
(1) the coordinates of the C„ of the selected residue is 
perturbed by adding equal displacements d in each of the 
x-, y-, and 2-directions, which leads to a distorted local 
structure; (2) the new coordinates of the displaced C u atom 
is fixed in space, whereas the rest of the protein atoms are 
free to move; (3) the energy of the protein is minimized to 
0.1 kcal/mol/A of the derivative; (4) the rearranged atomic 
coordinates in response to the perturbation are recorded 
for further analysis; (5) the coordinates are reset to those 
of the equilibrium structure and the process (1-4) is 
repeated over all the C„ atoms. 

The N sets of protein coordinates obtained at the end of 
the MM calculations are organized into the perturbation- 
response matrix of order 3A^ x 3A r , where the displacement 
experienced by residue z in response to a perturbation 
placed at residue k is denoted by AK lk 





ARm 


AR12 


AR LV 


AR = 


AR,^ 


AR-j-,) 


• - AR, V 




AR.v i 


ARyj ■ 


- - AR w 



In all the MM calculations presented below, displ ac ^ 
ments d = 0.5 A is used. Note that various d within th^ 
range 0.1-1.0 A yield identical and almost symmetrical 
perturbation-response behavior, indicating that this 
size of displacement is within ihe range of Urn 
response. 

AR multiplied by its transpose yieMs the 3Nx3N second! 
moment matrix A = AR AR r , which carries the average^' 
effect of all the perturbations. Alternatively, A may be'*? 
viewed as an N X N matrix, whose ijih element is the 3 x 
second moment matrix of correlations between the x-, 
and a-components of the fluctuations AR, and AR^ Q fjj£ 
residues i and j; i.e., 



A, = 



<AX ( AX,> <AX,A1V <AX,AZ,) 
<Ay,AX,> <Ay t A>V> (AY^AZj) 
(AZ.AX,) <AZ,AV,> <AZ,AZ,> 



Ch 

M< 
vV- 
Eo 
He 
RA 
Ml 
Ml 
SD 
IL- 
MI 
Mt 
GR 
NA 
PF 
Frv 

PD1 



(5); 



Finally, the cross-correlations between residues i andj , 
in response to the inserted perturbations is given by 



<AR j -AR,)=^ T tr\) 
Molecular Dynamics Simulations 



(6) 



AR 



CVFF implemented within the Insightll 98.0 software ; 
package was used in the MD simulations. 30 As in the MM. ' 
calculations, a cage of water molecules of 5 A thickness is** 
formed around the protein structure obtained from the^ 
PDB, 31,32 resulting in —1,250 water molecules for, 
the proteins studied here. All atoms are treated explicitly.; 
The system is energy minimized to 0.01 kcal/mol/A of* 
the derivative using the conjugate gradients method. The-* 
initial structure is thus that treated as the equilibrium, 
structure in the MM calculations. A time step of 1 fs is* 
used, and the temperature is kept fixed at 300 K by 
coupling to an external heat bath 33 with a relaxation time- 
constant of 0.01 ps. Initial velocities are generated from 
Boltzmann distribution with an average temperature of 
300 K. Integration is carried out by the velocity Verlet 
algorithm. Group-based cutoffs are u^ed with a 9.5 A cutofT 
distance; a switching function is used with the spline and 
buffer widths set to 1.0 and 0.5 A, respectively. The 
neighbor list is updated whenever any atom moves more 
than one-half the buffer width. The system is equilibrated 
for 200 ps, and data are collected for the next 1 ns. The 
cage of water is found to remain around the protein at the 
end of all simulations. Atomic positions are saved every 
500 steps, yielding M = 2,000 coordinate sets. v 

The snapshots recorded during the MD simulations are 
organized in the fluctuation trajectory matrix of order- 
3N x M, »f 
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The i actuation trajectory matrix of eq. 7 is the counter- 
part of the perturbation response matrix of eq. 4. The 3iV x 
SAT second moment matrix A is calculated by A - AR AR T . 
^Finally, the cross-correlations are obtained from^ 4 



<AR, - AR,> = ^ frfAy) 



RESULTS AND DISCUSSION 



(8) 



The chemokines studied in the present work, their PDB 
code, subfamilies, and quaternary structures are listed in 
\ Table I. We have tried to include all the chemokines whose 
structures have been solved by X-ray diffraction (XRD) or 
nuclear magnetic resonance (NMR); the monomeric form 
has been used when possible; otherwise, higher-order 
quaternary structures are used. There are two main 
subfamilies of chemokines. In the CXC subfamily, the 
N-terminal cysteine residues are separated by a single 
residue, whereas in the CC subfamily, these cysteines are 
adjacent. The chemokines inspected here mainly belong to 
CC ;.;id CXC subfamilies, except for fractalkine that is of 
type CX 3 C. Note that GNM analysis is applied to all the 
chemokines listed in Table I, whereas the time-consuming 
MD and MM calculations are carried out on vMIP-II and 
SDF-1 only. 

30s-Loop Emerges As a Major Contributor to 
Chemokine Function 

We first point out the major difference between the CC 
and CXC subfamilies. Figure 1 exhibits the experimental 
Poskional fluctuations of « -carbons as well as those com- 



puted by the GNM theory and MD simulations. Note that 
although MD i? applied to the all-atom protein solvated in 
explicit water, in contrast to GNM, which treats the 
protein as a set of interacting beads of ot-carbons, the 
correspondence between the results is remarkable, as also 
demonstrated in the crystallographic B-factors of a-amy- 
lase inhibitor.-^ All three approaches identify the N- and 
C-termini as well as the N-, 30s-, and 40s-loops as the most 
mobile region? both in the CC and CXC subfamilies. 
However, a different picture emerges upon consideration 
of the contribution of only the lowest frequency counter- 
part of these £ uctuations. Average atomic displacements 
as a function of residue index considering only the lowest 
frequency (z = /. p = 2 in eq. 3) are displayed in Figure 2a 
and b for representative CC and CXC chemokines, respec- 
tively. Peaks are obtained in the N- and 40s-loops in both 
cases, whereas the 30s-loop is "dead" in the CC subfamily, 
and "alive" in the CXC subfamily. The existence of a single 
residue inserted between the two cysteines results in a 
structural disiurbance that supplies a vast amount of 
flexibility to the 30s-loop during collective motions. 

This observation might indicate the 30s-loop as having a 
critical role in the diverse chemokine function. In fact, 
although the main residues of focus in experimental 
studies for binding/activation are located in the N- 
terminus and X-loop of chemokines, the 30s-loop has been 
identified as an important region through structure com- 
parison, 18 35 backbone dynamics, ' 1H and mutation 3 -™ stud- 
ies. In particular, dynamics experiments provide the most 
concrete evidence on the role of the 30s-loop. For instance, 
extensive NMR dynamics experiments have been carried 
out on fractalkine, a CX : ,C chemokine that binds the 
CX^CRl receptor. 11 " Slow conformational exchange on the 
millisecond Cms > to microsecond ( \is ) time scale at residues 
13, 31, 35, and 49 has been observed. Moreover, as a result 
of titration of fractalkine with a peptide from the N- 
terminus of CX,CRl, the most highly shifted cross-peaks 
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Fig. 1. Mean square fluctuations of a-carbons, (1R, ■ AR,>, for (a) 
Ivmp (CC) and (b) 1sdf (CXC); results from NMR experiments are 
compared with those from gaussian network model (GNM) theory (/ = j in 
eq. 2) and MD simulations (/ = j in eq. 8). Positions of the secondary 
structural units are shown along the residue indices. 



in 2D 1 H- 15 N HSQC spectra are displayed at residues 
6—17 as well as the 30s-Ioop. Similarly, dynamics experi- 
ments on vMIP-II, 36 eotaxin, 4 and IL-8 37 identified slow 
conformational exchange through residues residing within 
the 30s-loop as well as the N-terminus and the N-loop. All 
these findings lend support to the view that the 30s-loop is 
actively involved in binding/activation mechanisms along 
with the N-terminus and the N-loop. 

CC and CXC Proteins Differ in the Way They 
Construct Dimers 

Many chemokines have been shown to form symmetric 
dimers and even higher-order multimers. The structural 
form of the CC d imer is different from that of the CXC. The 
dimer interface of the former is at the N-terminal of the 
protein, centered around the conserved cysteines and 
involves many of the residues implicated in receptor 
binding. The latter, on the other hand, involves antiparal- 
lel positioning of the (31-strands, leaving the N-terminus 
free. Experimental evidence implies that in solution, at 
concentrations at which receptor binding and biological 
activity are observed, the predominant form is mono- 
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Fig. 2. Mean square fluctuations of a-carbons of selected chemokines * 
during global motions (/ = /, p = 2 in eq. 3). a: CC family members 1 dol (C}\ 
and 1vmp (•). b: CXC family members likl (O) and 1sdf (■). The values'}: 
for the residues between 15 and 50 are presented and are normalized so ' t 
that the maximum value in this interval is 1 . The 30s-loop is located at 
residues 32-39 in Idol, 35-41 in 1 vmp, 26-40 in 1ikl, and 30-36 in IsdC'll^J-ffp pn f 
Compared with the overall fluctuations presented in Figure 1 , the 30s-loop *I>*7 
does not exhibit collective fluctuations in the CC family, whereas I ^1 ^•ignificant 
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remains highly correlated in the CXC family. 
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menc." ~' ' * This is conceivable, since thermodynamics will 
strongly favor dimerization at the high concentrations at 
which protein structures are determined; in contrast, the 
functional concentrations of chemokines are at least 10,000-,^ 
fold lower. Nevertheless, the distinct forms of the dimers.' 
formed by the two chemokine families may provide clues" 
as to how binding and activity take place. The analysis- 
used in the previous section identifies a major difference 
between the way the CC and CXC chemokines operate, 
and this may also suffice to explain their corresponding 
dimerization mechanisms. ; " 

The dimerization of CC chemokines at the N-termini 
may be an expected scenario, as proteins tend to associate 
at their most flexible regions unless there is a disturbance- 
Such a disturbance is provided by the "alive" 30s-loop that 
displays cooperative fluctuations in the CXC chemokines, 
and is in direct contact with the N-terminus. Thus, here 
the proteins cannot associate at their initial option at the 
N-termini: they dimerize by forming a six-stranded pi-sheet 
by the approach of the 31- and pi -strands of the two 
subchains as the alternative. This scenario outlines the 
propensity of dimerization in the CC and CXC chernO" 
ki nes. Whether the dimer will actually form depends oB 
the specific interactions that take place at the dimer 
interface, once the fold places the associating regions a' 
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. e correct positioning. For example, the MlP-lb dimer is 
jacked into position due to the proper interactions between 
^tbe Phel3 of one subunit with Thr9' and Leu34' of the 
Mother subunit. A structural alignment of vMIP-II, on the 
uther hand, reveals that Leu 16, Asp 12', and Leu37 ', which 
tare located in the corresponding positions, form a series of 
•Unfavorable interactions. Hence, vMIP-II cannot dimer- 
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^Intrinsic Flexibility Is Manifested in 
Convoluted Interactions 

There are a large variety of chemokines receptors; 
"jorne chemokines bind to multiple receptors, some may 
Eust bind without activation, and others also activate the 
r receptor. To illuminate the common grounds, we revert 
to the cross-correlations (eq. 3) that provide a complete 
picture of the "convoluted" interactions between various 
"regions of the molecule. The term "convolution" repre- 
sents the transitivity of interactions. For instance, the 
ith atom may be in contact with the jth that is in turn 
^contacting the kth, but the ith atom is not necessarily in 
'£ r contact with the kth. By contrast, the fluctuations of the 

tith atom may be correlated with the kth. The former 
, picture is revealed by the contact matrix, whereas the 
flatter may be visualized by the correlation maps (eq. 2 
I for all frequencies and eq. 3 for a specific set of frequen- 
^cies). Constructing the cross-correlation maps associ- 
v ated vith the most cooperative motions indicate, in a 
v coarse grained manner, the communication between 
different parts of the native structure that play a 
: significant role in biological activity. In physical terms, 
? two fluctuations occurring in the same sense of direction 
■ essentially yield a positive correlation; the opposite is 
true for a negative correlation. 

The experimental evidence compiled for various chemo- 
kines supports the view that the core of the protein, where 
the a -helix packs to the (3-strand, sustains the N-loop and 
the i -terminus, that have been known to contribute to the 
receptor binding and activation, 3,9 ' 111314 17 36 38 and pre- 
sents them to the receptor in an optimal fashion. 38 AJso, as 
outlined in the previous section, the 30s-loop emerges as a 
major contributor to function whose role remains to be 
determined. We therefore focus on the interrelations of 
these three regions in the interpretation of the correlation 
maps. Hence, these will be denoted by three symbol -i- or - 
codes, for the N-loop-N-terminus, N-loop-30s-loop, and 
N-te "minus— 30s-loop interactions, respectively. If the cor- 
relations between the N-loop and the N-terminus are used 
a s a starting point, and assumed to be positively corre- 
lated, their interactions with the 30s-loop may be ex- 
plained in two possible ways: either the 30s-loop is posi- 
tively correlated with both N-loop and the 30s-loop ( + , + ,+ ), 
or it is negatively correlated with both of them ( + ,-,-). 
The remaining combinations, i.e., ( + ,-, + ) and ( + , + ,-), 
a re self-contradictory and cannot be achieved. Similarly, 
for a negatively correlated N-loop and N-terminus, only 
- ) and (-,-,+ ) are accessible. 



Figure 3 presents the cross-correlation maps of lsdf for 
all frequencies obtained by GNM theory. MM simulations, 
and MD calculations. In all three approaches, regions that 
are strongly and weakly coupled to each other are repro- 
duced well. This finding is striking in view of the coarse 
graining inherent in GNM as opposed to the detailed 
molecular structure employed in MM and MD calcula- 
tions. As pointed out earlier, long wavelength modes are 
expected to accentuate the collective motions occurring in 
proteins; therefore, residue correlations for p = 2 are 
investigated in depth below. In subsequent calculations, 
GNM which requires computation times on the order of 
minutes as opposed to MD or MM with a time cost of days 
is applied to all the chemokines listed in Table I, whereas 
the latter two methods are used to analyze selected 
proteins only. 

Contour plots for cross-correlations pertaining to the 
longest wavelengths (p = 2) are produced for all the 
chemokines listed in Table I. Two types of communications 
emerge from the four possible combinations listed earlier, 
denoted type I (-,-, + ) and type II (-, + ,-) and are 
presented in Figure 4. Note that exactly the same picture 
emerges for all chemokines sharing the same type of 
mechanism, and only the representative cases of SDF-1 
and vMIP-II are shown. The mechanism types realized by 
the whole set of proteins studied here are listed in the last 
column of Table I. Also note that type I involves both CC 
and CXC chemokines, implying that a certain category is 
not unique to a given subfamily. 

The above findings are supported by MD and MM 
calculations carried out on SDF-1 and vMIP-II, selected 
proteins from each mechanism type. The cross-correlation 
maps obtained by these methods are identical to those in 
Figure 4 and are not displayed in this investigation. In 
MM calculations, external perturbation of residues in the 
30s-loop, especially Asn33 and Cys34 provoke the largest 
amount of displacement at the N-terminus residues Tyr7 
and Arg8 in SDF-1. In contrast, a disturbance of residues 
in the 30s-loop of vMIP-II, especially Lys40 and Pro41, 
provokes the largest amount of displacement at TvtIS and 
Gin 19 of the N-loop. Moreover, these responses are recipro- 
cal; i.e. perturbations in the indicated residues of the 
N-terminus or the N-loop trigger the largest displace- 
ments at the corresponding 30s-loop residues, although 
the MM approach introduced in this work intrinsically 
need not be symmetric. Thus, both the MD simulations 
and the perturbation-response analysis performed on the 
detailed molecular structure of the proteins conforms with 
the positively correlated regions pointed out by the low 
resolution model. Note that these changes in location do 
not occur due to the close proximity of the above mentioned 
residues. For instance, in vMIP-II the equilibrium dis- 
tance between residue pairs (18,40), (18,41), (19,40), and 
(19,41) are 10.55, 14.16, 11.72, and 14.83 A, respectively. 
These values are significantly larger than that of the 7 A 
radius of the first coordination shell. Thus, a more compli- 
cated communication between residues is at play, which 
involves the convoluted interactions discussed in the previ- 
ous section. 
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Structural Mechanisms Control 
Binding and Activity 

The above relations may be used in identifying mechai 
nisms for binding and activation. Model proteins represent 
ing type I and II interactions are displayed in Figure 5 \ji 
should be stressed that the structural organization of the! 
core is unique to the proteins classified within the samel 
type (e.g., eotaxin, a CC protein, is classified as having A 
type I mechanism), although all chemokines have com * 
monly been characterized by the same overall fold. 

Crump et al. 13 proposed a two-step model for the interact 
tion of SDF-1 with CXCR4. wherein the N-loop forms the^ 
first contact between the ligand and receptor serving as an] 
initial docking step. Subsequently, the N-terminal resi-l 
dues bind to a groove among the transmembrane helices! 
and further induce a change in the receptor conformation^ 
that leads to its activation. More specifically, as displayed' 
in Figure 4a, the N-loop fluctuating in the opposite direct 
tion to both the 30s-loop and the N-terminus does the* 
initial binding. Next, the 30s-loop, which moves in thel 
same direction as the N-terminus, pushes the latter intol 
the binding site to make it perform its function. Thus, the! 
model of Crump et al. 13 is consistent with the type I: 
interactions of Figure 5a. 

With type II interactions, a positive correlation existij 
between the 30s- and N-loops, as exhibited in Figures 4b] 
and 5b. Thus, we propose that this time the 30s-loop leadsj 
the N-Ioop to do its initial binding. Once the contact isj 
formed, the flexible N-terminal undergoes a series of^ 
conformations and binds with the help of specific interact 
tions with the receptor. Therefore, for type II proteins^ 
specificity may not be crucial for the initial contact to the* 
receptor site. 

There is a wealth of experimental findings to support the^ 
two mechanisms proposed above. For example, interleu: 
kin-8 (IL-8) is identified as having a type I mechanism.^' 
According to our hypothesis, the N-loop does the initial^] 
binding with the help of high specificity, and the 30s-loop .'[ 
aids the N-terminus. Experimentally, residues 10-22 (N- y »-1 
loop) and 30-35 (30s-loop > were found to be critical, as weHt-'f 
as the ELR (Glu-Leu-Axg) motif in the N-terminus. 39 The** 
ELR region is anchored to the 30-35 turn, which possibly*? 
provides the correct geometry for the control of the ELR^ 
motif conformation. 3 Individual substitutions to residues^ 
10—15 have no functional consequences, but hybrid experi-? 
ments indicate they are essential/ 1 This is consistent withf: 
type I mechanism, the N-loop does not receive the aid of-. 
30s-loop to access the conformations necessary for binding,^ 



Fig. 3. Correlation maps of isdf residue fluctuations (contour plot of 
CiR, • AR,); all modes), a: Gaussian network model (GNM) theory <eq. 2K 
b: MM calculations (eq_ 6). c: MD simulations (eq. 8). Positions of ttt*. 
secondary structural units are shown along the top. The most negatively 
correlated regions are shown in black and the most positively correlated 
regions in white. The GNM calculations that involve an appreciably 
amount of coarse graining. MM calculations that involve a perturbations, 
response analysis, and MD simulations that reflect the time average of 
fluctuations around the equilibrium structure all reproduce the san*. 
picture, where the correlated and anticorrelated motions occur betweefl- 
the same residue pairs. 
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Fig. 4. Correlation map for residue fluctuations during collective 
" motions of selected chemokines (p = 2 in eq. 3). a: 1sdf (type I), b: 1vmp 
(type II). Positions of the secondary structural units are shown along the 
residue indices. The most negatively correlated regions are shown in 
btack and the most positively correlated regions are shown in white. In 
wth interaction types, the N-loop is negatively correlated with the 
N-lerminus; however, the correlations of the 30s-loop with these two 
regions are reversed. 



and ; collective effort of residues in this region is necessary 
to realize the function. 

Similarly, data on vMIP-II and SDF-1 support the 
Models based on Figures 4 and 5. Both proteins bind the 
chemokine receptor CXCR4, although the former is a CC 
jbemokine. In the above analysis, vMIP-II is identified as 
having type II mechanism as opposed to SDF-1, which is of 
J^pe I. Thus, according to our hypothesis, in VMP-II the 
*Moop does the initial binding with the help of the 
^Os-loop. It therefore needs less specificity compared with 
B DF-1, since the latter lacks the cooperativity offered by 
30s-loop during binding. In fact, vMIP-II lacks the 





Fig. 5. Communications among the flexible units that modulate binding 
to receotors in two different types of interactions. The N-terminus is in green, 
the Nt-oop in red, and the 30s- loop in blue. Note the different structural 
organization of the core in (a) 1sdf (type I) and (b) 1vmp (type II). 

RFFESH motif in the N-terminus, which has been identi- 
fied as critically important in SDF-1 binding. 13 Moreover, 
the ability of vMIP-II to bind several other receptors also 
corroborates the proposition that specificity is less impor- 
tant at the N-loop of this protein due to type I mechanism 
being at play. 

Apparent concerted motion between the 30s-loop and 
N-tenninus has been reported in eotaxin, 38 a CC protein 
that displays type I mechanism. Eotaxin is known to bind 
CCR3 specifically, as compared with, e.g., RANTES or 
MCP-3, which are known to bind other receptors as well. 
Both findings are consistent with the type I mechanism, 
which dictates that (1) the N-loop requires specificity in 
binding, and (2) the motions of the N-terminus and the 
30s-loop are correlated. 

That a high amount of specificity is required for type I 
binding mechanism is also corroborated by hybrid studies 
on IL-S and growth-related protein (GRO), which show 
that substitution of several residues following the cys- 
teine; is necessary to attain binding specificity, whereas 
single substitutions within the loop have small effects. 3 11 
In contrast, many type II chemokines can bind several 
receptors, indicating the diminished role of specificity at 
the N-loop. For instance, vMIP-II is known to bind CCR1. 
CCR2. CCR3, CCR5, and CXCR4 (a function that is 
realized by the N-loop), whereas it activates only CCR3. 

Furthermore, by constructing N-terminal peptides of 
SDF-1 only [SDF-1U-8) and SDF-K1-9)], it has been 
demonstrated that the peptides do not assume the confor- 
mations necessary for binding to the receptor. 13 This 
implies that the protein scaffold, and more specifically, 
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Fig. 6. Comparison of mean square fluctuations of a-carbons, URf), 
for IL-8 dimer in unbound form and in complex with a fragment of CXCR1 
receptor (PDB codes 1il8 and lilq, respectively), a: The contribution of all 
modes present; a restriction in only the motion of the N-loop directly 
located at the binding interlace is observed, b: The collective motions 
(p = 2 in eq. 3) are considered; a dampening in the N-terminus and 
30s-Joop autocorrelations occur, indicating that these regions, although 
located far from the binding interface, contribute to the binding mecha- 
nism. 



interactions with the 30s-loop may be important for deter- 
mining the optimal conformation of the N-terminal region 
for binding to the receptor. Another piece of evidence 
supporting this view comes from analysis of the only 
known structure of a chemokine in complex with a receptor 
fragment. This belongs to the N-terminal peptide of CXCRl 
in complex with IL-8 (PDB code: lilq), 40 where the recep- 
tor fragment binds to the groove between the N-loop and 
the [33-strand, and the N-terminus and 30s-loop are dis- 
tant. Our calculations have shown that the N-terminus 
and the 30s-loop have not lost their overall flexibility in the 
bound form (Fig. 6a), as would be expected, as these 
regions are remotely located to the binding groove. This is 
in contrast to the behavior of the N-loop located at the 
binding interface, which somewhat looses its flexibility 
upon binding. The 03-strand that is restricted by a net- 
work of hydrogen bonds has limited mobility in bound and 
unbound forms. Conversely, atomic fluctuations due to low 
wavelength motions (p = 2 in eq. 3) are characterized by a 
dampening in all the above-mentioned regions (Fig. 6b), 
implying that a large amount of cooperativity is lost upon 
binding. This observation is directly related to the transi- 



tivity of interactions discussed in the previous subs 
and exemplified by the 15 N NMR relaxation expend 
conducted by Olejniczak et al. 41 They have demons 
on phosphotyrosine binding domain of the insulin re 
substrate complexed to a tyrosine-phosphorylated 
that some residues that are remotely located at 
binding interface may still lose their mobility upon biSS 
ing. 

These observations call for monitoring the binding in- 
activity of different types of chemokine proteins, whn2 
most flexible parts are specifically designed by hybri 
The following conjecture must be the motivation bel 
the pioneering experimental studies: 3 - 91 11314 - 363 8 g 
the chemokine family seemingly has the same scaffo 
with carefully selected mutations/chimeras, one should 
principle be able to make chemokine proteins bind 
activate each other's receptor. In the present study, 
propose further that to be interconvertible, the protein* 
must initially reveal the same mechanism, that is, the# 
must exhibit the same convoluted interactions. SDF-li 
GRO, and IL-8 all have type I framework and, for thif 
reason, the chimeras of GRO may be substituted for SDF-f 
functionality, 13 IP-10 for IL-8, 3 and GRO for IL-8 or IL-g 
for GRO. 11 Note that these studies are pertinent to typel 
mechanism and they show that the communicating struc? 
tural parts and specificity are the two indispensable? 
ingredients of protein function. These results with add£j. 
tional experiments on proteins that belong to type n? 
interactions, as well as those that belong to the CC family? 
but that exhibit a type I mechanism, may suggest that? 
satisfying the underlying structural mechanism is a prereq-*i 
uisite. 

We also note that although the remaining mechanism^ 
types defining the interactions between the N-terminus, * 
N-loop, and 30s-loop, i.e., (+,+,+) and ( + ,-,-) combina-; 
tions, are not observed among the chemokines investi- 
gated in this work, they cannot be ruled out. However, ' 
both demand a positive correlation between the N-loop and 
the N-terminus. This implies that they must conceitedly 
interact with various parts of the receptor. Thus, both 
scenarios are highly unlikely, since the former presumes a 
perfect coordination between these highly flexible parts, 
and the latter ignores the modulating role of the 30s-loop 
altogether, relying heavily on specificity. 
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CONCLUSIONS 

A low-resolution model that monitors the collective 
motions in proteins 19 is used to elucidate the structural 
mechanisms for biological activity of the proteins in the 
chemokine family based on the analysis of 16 chemokines. 
Since the model used in this report relies on deriving 
dynamics information from structural data, the findings 
are supported by MM and MD calculations performed on 
the detailed structures of selected proteins solvated in 
water. Mainly, we observe a collaborative effort among 
three flexible regions— the N-terminus, N-loop, and 30s- 
loop — during binding and activity. There has been some 
debate in literature on the role of the 30s-loop in chemo- 
kine dynamics. In the present study, we demonstrate the 
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[Jportance of this highly flexible region and identify how 
. jsused. It is not directly involved in the protein function 
[d has similar overall mobility in all the chemokines. 
ly when the contributions to the collective (low wave- 
gth) motions are considered does its role in both dimer- 
[tion and binding/activity become apparent. 
Two mechanisms are proposed for chemokine binding 
id activity to transmembrane receptors. In type I, the 
■loop ioes the initial binding due to specificity, and the 
-loop later assists N-terminus affiliation with the recep- 
In type II, the 30s-loop aids the b nding of the N-loop, 
,d activation is achieved by the flexible N-terminus due 
specific interactions with the receptor. Note that in each 
se the 30s-loop is a source of external force that dimin- 
tes the importance of specificity between residues at the 
tding interface. It should be pointed out that the meth- 
used in this work provide a means of measuring the 
lount of correlations between regions within the°pro- 
ns, out falls short of pointing out the sequence of events, 
fevertheless, from the wealth of experimental data, it 
;ms likely that in either mechanism the N-loop makes 
|4n initial contact with the receptor, followed by that of the 
^-terminus. 
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complementary binding surface. Dynamics information 
that come from either experimental or theoretical sources 
is useful mainly for identifying regions of proteins involved 
m binding. The fact that residues that do not make direct 
contacts with the Iigand may still become nationally 
restricted upon binding 41 point to the transitivity of inter- 
actions, explored in this study. The role of flexibility in 
proteins may be discerned, once a relationship between 
such dynamic data and binding is established. 
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& The combination of structural and mutagenesis data 6 
Should contribute to the development of effective therapies 
^gainst chronic microphage-mediated inflammatorv dis- 
eases. The design of chimeras is a widely used method to 
probe structure-activity relationships in various chemo- 
kines. The present approach provides a systematic analy- 
i lis of the regions involved in collaborative motions. We 
underline the fact that a successful hybrid should involve 
residues in the N-terminus, N-loop, and the 30s-Ioop, as 
long as the two proteins belong to the same mechanism 
type. The structural differences in the core regions are 
reflected in the distinct mechanisms displayed by each 
type. Thus, it is possible to achieve the more ambitious 
goal of constructing successful hybrids between types, only 
wher. further specific mutations in the core region, that 
mtei convert the scaffold without sacrificing the stability, 
are made. However, the coarse-grained approach used in 
the present study prevent us from commenting on specific- 
ity; namely, the precise residues required. Moreover, point 
mutations at key residues that completely destroy the 
binding/activation mechanisms 10 12 cannot be elucidated 
°y the current approach. 

It is obvious that neither the large N-loop nor the highly 
tended N-terminus is free to explore the vast amount of 
informational space accessible to peptides of this lensrth, 
i the first -20 residues of chemokines direct lv^" m - 
'olved in protein function are not sufficient for perfor- 
mance. Possibly, this fragment is fluctuating between a 
<w conformations including that of the bound form, such 
ffaat when the chemokine approaches the receptor, the 
■*rrect conformation is quickly attained. 4 This dynamic 
Nuilibrium is maintained by the scaffold formed bv the 
protein core and the correlated fluctuations in the 30s- 
|*>p. As also corroborated by Mizoue et al., 18 some confor- 
mational flexibility should be required for residues m- 
■olved in ligand-receptor interactions to accommodate a 
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Abstract: Structural analysis of chemokines has re- 
vealed that the a/p structural-fold is highly conserved 
among both the CXC and CC chemokine classes. Al- 
though dimerization and aggregation is often observed, 
the chemokines function as monomers. The critical re- 
ceptor binding regions are in the NH2-terminal 20 resi- 
dues of the protein and are the least ordered in solution. 
The flexible NH2-terminal region is the most critical 
receptor binding site and a second site also exists in the 
loop that follows the two disulfides. The well-ordered 
regions are not directly involved in receptor binding but, 
along with the disulfides, they provide a scaffold that 
determines the conformation of the sites that are critical 
for receptor binding. These general requirements for 
function are common to all the chemokines. For the CC 
chemokines, receptor activation and receptor binding 
regions are separate within the 10 residue NH2-terminal 
region. This has allowed identification of high affinity 
analogs that do not activate the receptor and are potent 
antagonists.^/. Leukoc. Biol. 57: 703-711; 1995. 

Key Words: protein engineering • inflammation ■ inteiieukin-S 
• monocyte chemoattractant protein • peptide synthesis 

BACKGROUND 

The chemoattractant cytokines (chemokines) are a super 
family of proinflammatory mediators that promote the 
recruitment of multiple lineages of leukocytes and lym- 
phocytes [1]. They can be released by many different 
types of tissue cells, and, in some cases platelets, after 
activation. Continuous local release of chemokines at sites 
of inflammation could mediate the ongoing migration of 
effector cells in chronic inflammation. Chemokines have 
been strongly implicated in a wide range of human acute 
and chronic inflammatory diseases, including arthritis, 
respirator)' diseases, and arteriosclerosis [2]. Experiments 
using blocking antibodies suggest that chemokines can be 
responsible for cellular infiltration and pathology of 
model diseases [3, 4]. 

The human chemokine polypeptides are 70-80 resi- 
dues in length that share substantial sequence similarity 
(24% or higher identity) (Fig. 1). Alignment of the se- 
quences indicates that they can be classified into two 
families, one with the first two cysteines separated by one 
residue (C-X-C chemokines) and the other with the first 
two cysteines adjacent (C-C chemokines). The remaining 
two cysteines are conserved. Furthermore, sequence com- 
parisons suggest that they will share some similarity in 
tertiary structure. The similarity in chemokine genes sug- 



gests that they arose bv duplication of an ancestral gene. 
The C-X-C chemokine genes are clustered on chromo- 
some 4 and the C-C chemokine genes are found on chro- 
mosome 17, with the translocation possibly indicating the 
point of divergence of the two gene families [1]. The two 
chemokine families can also be distinguished functionally. 
The C-X-C chemokines stimulate predominately neutro- 
phils, except for platelet factor 4(PF4) and y-interferon 
inducible protein (IP10). The function of PF-4 and IP10 
is uncertain and their membership of the C-X-C chemok- 
ine family is based on sequence similarity (Fig. 1). The 
C-C chemokines are functionally distinct from the C-X-C 
chemokines in that thev do not affect neutrophils and 
generally stimulate multiple cell types: their targets in- 
clude monocytes, lvmphocytes, basophils, and eosino- 
phils. 

The molecular targets for chemokines are their cell 
surface receptors. The neutrophil receptors for the C-X-C 
chemokines have been identified by using interleukin-8 
(IL-8) as the ligand. IL-8 receptor 1 (IL-8R1) has high 
affinity only for IL-8. w hereas IL-8 receptor 2 (IL-8R2) has 
high affinity for IL-S and all the other neutrophil-stimulat- 
ing C-X-C chemokines tested [5-7]. Both receptors were 
functional when expressed in a T lymphoma cell line 
(Jurkat) [8], however, their individual contribution to the 
response of neutrophils to C-X-C chemokines has not 
been assessed. For the C-C chemokines, two distinct re- 
ceptors have been characterized, one that binds macro- 
phage inflammatory protein (MlP)-lrx and RANTES [9, 
10] and two variants of a receptor that binds monocyte 
chcmotactic protein-1 (MCP)-l [11] Functional and re- 
ceptor binding studies imply the existence of additional 
receptors with distinct specificity [12]. Given the complex- 
ity of chemokine functions and the diversity of the 
broader chemokine-related receptor family, the existence 
of other receptors seems certain [13]. 

STRUCTURE 

Summary of current knowledge 

Until yery recently. IL-8 was the only high-resolution hu- 
man chemokine structure known. The IL-8 structure, as 
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Fig. 1. Alignment of human chemokine sequences. 

determined by both NMR spectroscopy [14] and X-ray 
diffraction techniques [15], was a noncovalent homodi- 
mer. Each monomer has a disordered NHrtemmaU 
loop region, three anuparallel |3-strands, and a COOH-ter- 
minal a-helix. In the dimer the (3-strands form a six- 
stranded B-sheet with the helices transversing the dimer 
interface (Fig. 2). The recent crystal structure of human 
PF-4 indicates that it is a tetramer and the to d ot the 
monomeric subunit is similar to that of IL-8 [16]. For the 
C-C chemokines, MIP-1P is the only structure that has 
been completely solved [17]. The backbone trace of the 
MIP-lB monomer is verv similar to that of IL-8, despite 
the difference in dimerization, the low pH used, and the 
altered positions of the first two cysteines in the se- 

^A^cracial finding from all the structural studies thus far 
is that the C-X-C and C-C chemokines have strikingly 
similar monomeric folds. Thus, when the polypeptides 
are compared, they all have a flexible NH 2 -termmal re- 
gion followed by a loop, three anuparallel P-strands, and 
a single COOH-terminal a-helix (Fig. 2). 

GROa/melonoma growth stimulatory activity structure (MGSA) 

GROa/MGSA is a chemoattractant for neutrophils, how- 
ever unlike IL-8, it binds with high affinity only to IL-8R2 
and not IL-8R1 [6, 7]. To help understand the structural 
basis for the receptor selectivity and other reported activi- 
ties of GROa/MGSA, we determined the three-dimen- 
sional structure of chemically synthesized GROa/MGSA 
bv ] H NMR spectroscopy [18]. GROa/MGSA has a di- 
meric fold similar to IL-8, although there arc some re- 
gions with conformational differences, including the LLK 
motif and NH.-terminal loop region (Fig. 2). The secon- 



dary structural regions of the GROa/MGSA monomer 
backbone superimposed on IL-8 with a 1.2-A root mean 
square deviation. In the dimer the relationship between 
the monomers is slightly different, such that the helices 
are closer together. In this respect, the structure was 
more similar to the IL-8 crystal structure than to the IL-8 
NMR structure. The interdimer interactions are weaker 
than for IL-8, implying a higher dimer dissociation con- 
stant Another ^roup also determined the structure of 
recombinant GROa/MGSA by NMR [19] and u is almost 
identical to thai of synthetic GROa/MGSA [18]. For 
GROa/MGSA and IL-8, the structures of both synthetic 
and recombinant proteins are virtually identical [14, 
18-20] suggesting that both approaches to obtaining pro- 
tein for structural and functional studies are valid. 



Dimerization 

Monomers versus dimers 

The compact, svmmetrical nature of the familiar IL-8 di- 
mer structure led to the widespread presumption that the 
dimer form must be important for function. This notion 
is extended further by the finding that MIP-lp has an 
entirely different mode of dimerization. Thus, it has been 
suggested that all the C-X-C chemokines have the six- 
stranded p-sheet dimer, whereas all the C-C chemokines 
have an end-on-end dimer structure and, moreover, that 
this structural difference may account for the functional 
differences between the two families. 

Here we present the case for the opposite view: that the 
functional form is the monomer and dimerization is not 
relevant for interaction with the functional receptor, lhe 
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EL-8 Dimer 



GROo/MGSA Dimer 




ELR motif 



Disulfides 




EL-8 Monomer 



GROo/MGSA Monomer 



Fig. 2. The IL-K dime, and a single subunit of the dimer, GROct/MGSA dimer, and single subunit of the 



dimer. 
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Ffe 3. The neutrophil elasuse release acuvity of native L-S 4-7. K > 
dLf.de-Unked dinier (R2GL)( A ) and the IW -monomer (U» 3 NMe) ( ) - 
Release was assayed as described elsewhere ISfaJ. 

rationale for the monomer hypothesis is twofold: (1) li- 
gands for the G protein-coupled seven transmembrane 
Receptors are mostly small peptides or nonpepudc hor- 
mones and mediators, therefore the binding site of the 
structurally similar chemokine receptors is unlikely to ac- 
commodate chemokine dimers and (2) by necessity, pro- 
tein structures are determined at high concemra ion (>1 
mM) and thus the thermodynamics will strongly favor 
dimension: In contrast, the June tiona concemrauons 
of chemokines are 0.1-100 nM. i.e., at least 10,000-fold 
lower. 



A functional IL-8 monomer 

To test the hypothesis that IL-8 functions as a monomer, 
we designed and synthesized a monomeric analogue [21 J. 
A singlepolypeptide backbone modification, an A-methyl 
leudne instead of leucine at position 2a was made to 
prevent Association of the monomers Sedimentation 
equilibrium and NMR studies verified that the analogue 
remained a monomer even at millimolar concentrations. 
The monomer was fully active in receptor binding and in 
vitro functional assays. Thus, the synthesized analogue 
was both monomeric and in vitro a fully functional hgand. 

Covalent dimers of IL-8 

To further understand the role of the dimer we ^signed 
a stable disulfide-bridged dimer, in addition to the stable 
monomer described tbove. Because of the ant. para lei 
arrangement of the subunits, the only residue m the 
polypeptide that could be substituted to give a single 
disulfide-bridged dimer was Arg26. Fortunately, our sub- 
stitution analogues indicated that Ar g 26 was not required 
for function [22]. The (R26C) IL-8 was funcuonal ^al- 
though 15-fold less potent than IL-8 (Fig- 3). The lower 
potency of the dimer could be due to additional struc- 
tural constraints caused by the introduced disulfide. On 
the other hand, if the normal ligand is a monomer, di- 
merization could reduce binding and/or receptor activa- 
tion Native IL-8 has been cross-linked as a dimer on the 
receptor [23]. although this does not address the possibil- 
ity that the initial binding and receptor-activating form is 



the monomer, which can subsequently form dimers that 
are then cross-linked. 

implications of the monomer analogue for receptor 
interactions of native IL-8 

Our stable monomer analogue results unequivocally dem- 
onstrate that IL-8 can function as a monomer The experi- 
ment with the analogue does not rule out the possibility 
that native IL-8 may be able to function both as a mono- 
mer and as a dimer. However, our sedimentation studies 
Sucrgest that native IL-8 does dissociate (K d 10 uM) and 
monomers predominate at physiological concentrations. 
Other physical studies [24] using sedimentation, fluores- 
cence and calorimetry also revealed similar dissociation 
kinetics (K d 21 and 18 uM, respectively). It might be 
artrued that the local IL-8 concentrations at the functional 
celTsurface receptor are enhanced by secondary' interac- 
tions with nonfunctional binding molecules, resulting in 
"presentation" of the dimer form. However, as yet there 
is no experimental evidence that the dimenzation is nec- 
essary for interaction with ancillary binding molecules^ 
The simplest explanation of our findings and those of 
others is that the active form is the monomer. 

Nevertheless, it is useful to discuss various : ^recep- 
tor interaction models given that native IL-8 and most 
other chemokines have a tendency to ^mX^P^ 
sibilitv is that the receptor activation needs the dimer but 
that the two monomers bind separately. However, our 
results with the monomeric analogue argue against retar- 
dation of the IL-8 dimer on the receptor because he 
Sme mechanisms that prevent dimenzation in solution 
would also prevent association on the receptor A study 
of the binding interactions between a P^f e ^ 
spending to the NH 2 -terminal region of IL-8R1 and the 
lis dimer [26] suggest that one 

bind each monomer (see later discussion). Therefore as 
there is only one sequence related to the peptide in the 
whole receptor, it is likely that only one IL-8 subumt can 
bind at one time. The possibility remains that the recep- 
tor binds two separate monomers independently at differ- 
ent sites. However, if this were the case, then L-8 would 
be s i binding as a monomer and this model would be 
ori ent with our conclusions that IL-8 functions as a 
monomer. This latter model raises the separate question 
of the stoichiometry of binding, winch has not been fully 
addressed. 



Dimenzation of other chemokines 

Within the C-X-C chemokine family. GROcx/MGSA is a 
dimer by NMR [18, 19]. Hydrogen exchange stuc hes sug- 
gested that the interactions that stabilize the dimer ^are 
Weaker than those for IL-8. We found that GROa/MOSA 
had a Kd of 73 uM at pH 5.0 but the K d was 7.7 uM at pH 
7 0 thus illustrating the pH dependence of the subumt 
interactions. However, CROcx/MCSA clearly dissociates 
into monomers at physiological pH and concentrauon 
range. In general, it is likely that the monome -dimer 
equilibrium is highly dependent on expenmenta, con- 
ditions PF-4 [27] and low-affinity PF-4 [28] have neen 
detected as monomers, dimers, and tetramers m solutjon 
by NMR however, the equilibrium favors the monomer 
foVnis at lower concentrations. The dissociation constants 
for the chemokines arc summarized in Table I. 

The C-C chemokine, MIP-ip. has been detected as an 
end-on end dimer by NMR under acidic conditions (pH 
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TABLE 1. Summarv of Dimenzation of Chemokines 



C-X-C chemokines 

IL-8 Xd 21 pM", Kd 18 uM, PBS pH 7A h , 

It) mM. 100 mM Na phosphate pH 7.0 
GROa/MGSA K<\ 73 pM, 100 mM Na acetate, pH 5.0 f ; 7.7 \x\i. 

100 mM Na phosphate, pH 7.0 f 
NAP-2 K d 100 pM, 100 mM NaCl. 50 mM Na 

phosphate, pH 1 ,0 C 
LAPF-T Monomer fa voted at concentrations 

<0 mM, pH 5.5' 
PF-4 Monomer favored at concentrations 

100 mM, pH <5.0 f 

C-C chemokines 

MCP-1 Kd 33 uM°, 570 u.M, 100 mM Na phosphate, 

pH 6.6 f 

MCP-2 Ka 58 uM, 100 mM Na phosphate, pH 6.6 f 

MCP-3 Monomer' 

MlP-la Aggregates ai pH 7.2, reversibly dissociates to 

monomers^ 

MlP-ip Aggregates at pH 7.2, is a dimer at pH 2.5'', 

dissociates to monomers Kd 40 uM* 
1-309 Monomera 



"Paolini et al. [24], 
^Burrows et al. [25]. 

r Kim, K.-S., Rajarathnam, K., Clark-Lewis, I., Sykes, B.D., and Kay, 
CM., unpublished data. 

rf LAPF4, low-afnnity platelet factor 4, as with NAP-2, is a 
proteolvtic product of platelet basic protein. 
'Mayo [27]. 
/Mayo et al. [28]. 
£Paie! et al. [29]. 
A Lodi et al. [17]. 



2.5) [17]. This dimer observed under these conditions 
dissociated with a K d of 40 nM. At higher pH, it shows a 
strong tendency to aggregate. MlP-la also shows a strong 
tendency to aggregate but under certain solvent condi- 
tions can form stable tetramers or monomers [29]. 
Equipotent mutants have been prepared that form tetra- 
mers, dimers, or monomers [30]. The results suggest that 
the aggregation of MlP-la is reversible and that it disso- 
ciates into monomers under physiological conditions. We 
have found that MCP-1 dimerizes at high concentrations, 
but at pH 6.6 dissociation, as measured by sedimentation 
equilibrium studies, was apparent at A' (i of 570 uM, sug- 
gesting that it functions as a monomer. Paolini et al. [24] 
found that MCP-1 has a A' (l of 33 jaM; the difference in 
values is likely to be due to the difference in conditions 
used for the analysis. The related chemokine MCP-2 was 
also a dimer and dissociated with a A' (i of 58 uM. The 
truncated MCP-1 analogue, MCP-1 (10-7b), was detected 
as a monomer at all concentrations tested, suggesting that 
the dimer interactions of native MCP-1 are located at the 
NH L >-terminal and it may have an end-on-end orientation 
similar to MIP-10. Interestingly, if the dimer interface of 
MCP-1 is analogous to MIP-lp, then it includes a key 
receptor binding region (see below), raising the question 
as to whether it is possible for it to be active in the dimer 
form. It should be noted that both the aggregation states 
and the concentrations at which dissociation occurs varies 
considerably according to the conditions used. 

However, not all C-C chemokines dimcrize. MCP-3 was 
always a monomer by NMR and sedimentation equilib- 
rium studies. This is the first chemokine to be described 
that has a monomel ic three-dimensional structure in so- 
lution. Our finding that MCP-3 is functionally similar to 



MCP-2 [31], yet the latter forms dimers, suggests that 
dtmerization is not correlated with function. 1-309, a weak 
monocyte chemoattractant, was a monomer with no de- 
tectable tendency to dimerize, as determined by sedimen- 
tation and other techniques [24]. 

Does dimenzation have a function? 

Most of the above studies have been conducted in vitro 
and there are a number of possible roles for the dimer in 
vivo. Dimerization could be important for cellular secre- 
tion of the molecules, although the finding that some C-C 
chemokines are always monomers is an argument against 
this idea. Dimerization could protect the molecules from 
proteolysis at high concentrations. Several chemokines, 
particularly in the C-X-C class, have been shown to bind 
to sulfated gl yeans and it has been proposed that this 
generates an immobilized gradient of chemokine on tis- 
sue cells and matrix proteins [32]. Currently, the impor- 
tance of this mechanism or whether dimerization is 
important for binding to sulfated glycans is unknown. A 
similar presentation role has been suggested for the Duffy 
antigen, a nonfunctional and multispecific chemokine re- 
ceptor [33]. It is also a seven transmembrane receptor, 
therefore the arguments made for dimer-monomer bind- 
ing to the functional chemokine receptors are likely to 
apply. Currently, none of the above arguments suggest a 
convincing functional role for dimerization. 

Why do chemokines dimerize? 

In biology, not everything that exists need have an explicit 
function. Thus, there is no a priori reason for dimeriza- 
tion. Even if it is not required for biological activity it is 
interesting to speculate as to the role of dimenzation. The 
reasons could be purely structural rather than functional. 
For example, it could be simply an intrinsic tendency of 
the protein molecules to self-associate in an ordered and 
symmetrical manner. Thus, dimer formation could simply 
be thcrmodynamically favored and have physical but no 
biological relevance. 

Summary 

Chemokines are found in a range of aggregation states 
and this is highly dependent on the experimental condi- 
tions. Nevertheless, physical data indicate that all the 
chemokines are fully dissociated into monomers in then- 
normal functional concentration range. The results of 
these studies are summarized in Table 1. In general, 
chemokines have a tendency to dimerize but there is no 
apparent correlation between dimerization or type of di- 
mer and function. The available evidence indicates that 
the forms that bind and activate the functional receptors 
are monomers. Currently, there is no evidence for a bio- 
logical role for higher order forms and it is possible that 
dimerization may simply be a thei modynamically favored 
form. 



STRUCTURE-FUNCTION OF C-X-C CHEMOKINES 
Background 

The aim of our structure-function studies is to under- 
stand the ligand requirements for binding and functional 
activation of the specific cell surface receptors. All of the 
human C-X-C chemokines, except for PP-4 and IP10, bind 
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•IL-8 receptors and attract and activate neutrophils [1]. 
IL-8 stimulates the highest maximal response and is the 
most potent of the C-X-C chemokines, thus our expeii- 
ments have been performed with the IL-8 as the hgand 
and neutrophils as the targets. 

The IL-8 monomer 

The finding that IL-8 functions as a monomer discussed 
above has important implications for structure-activity re- 
lationships. If the dimer was required for activation, then 
it would be necessa^ for regions from both halves of the 
dimer to simultaneously bind the receptor. Thus, the 
binding surface, i.e., the surface area of ligand-reccptor 
interaction, would be considerably larger and much more 
complex than if only one subunit was involved. Hovyevei, 
because the monomer is sufficient for activity, all the 
structure-function studies can be interpreted in terms ol 
the folded IL-8 monomer [21]. 

The ELR motif 

All of the results we have obtained with approximately 
250 analogues of IL-8 and other C-X-C chemokines point 
to the ELR motif as the most critical region for interac- 
tion with the IL-8R [22, 34. 35]. No other region is any- 
where near as sensitive to modification (except for some 
key individual structural residues). The ELR motif is com- 
mon in all the C-X-C chemokines that activate neutrophils 
and bind to IL-8R2 as well as IL-8RL The ELR region can 
be modified such that receptor binding is retained but 
activity is lost. These antagonist analogues, e.g., IL-8 (o- 
72) and (Ala4,5) IL-8 (4-72), have much lower receptor 
affinity than IL-8, indicating that the ELR motif is both a 
binding and receptor-activation motif [36]. With the LLK 
replacements made thus far, loss of functional activity 
appears necessary for antagonist activity and is coincident 
with considerably reduced binding affinity [36]. 

Multiple substitutions showed that all three residues of 
the ELR motif were highlv sensitive to modification, with 
the order of sensitivity being R»E>L [35]. Substitution of 
nonnatural backbone-modified amino acids NMe-Leu and 
NMe-Arg lowered activity, suggesting that the ELR con- 
formation and side chain integrity is critical. Single n- 
amino acid substitutions in the ELR motif greatly reduced 
activity, further suggesting that conformation is impor- 
tant. Adding "spacer" residues, either Gly or Ala, between 
the ELR and the cysteine at position 7 resulted in loss of 
activity with some residual binding. Thus, not only the 
integrity of the ELR was important, but its location rela- 
tive to the rest of IL-8 was also critical. NMR analysis of 
several ELR-modified analogues, including some with an- 
tagonist activity, indicated that the well-defined regions of 
the protein structure are the same as native IL-8 [20]. 

In the IL-8 structure the ELR motif is not restrained in 
the protein structure and it can adopt multiple conforma- 
tions [14]. However, it cannot be completely disordered. 
It is tethered to the first cvsteine (Cys7) and its conforma- 
tions clearly must be limited by the 7-34 disulfide and the 
adjacent 30-35 turn. Furthermore, the 9-50 disulfide in- 
creases the rigidity of the Cys-Gln-Cys region, which we 
predict will affect the possible conformation of the ELR 
motif and its relationship to the rest of the protein. 



The loop region 

The loop region, including the connecting loop, 10-17, 
and the 3:10 turn, 13-22, was generally not affected by 
single substitutions. However, experiments in which hy- 
brid proteins were made between IL-8 and the inactive 
C-X-C protein IP 10 were informative. The aim of these 
hybrid analogues was to determine the minimal IL-8 re- 
quired to activate IP1 0 [22]. The hybrids demonstrated 
that this entire region was critical for IL-8 activity. The 
residues close to the NH^-tci minal end of the loop, i.e., 
close to cysteine 9. were the most critical. The major 
difference between the single substitution and hybrid 
strategies is that the hybrids had multiple replacements. 
Thus, only when several substitutions were made were 
significant effects observed. Taken together, the results 
suggest that the NH^-terminal loop comprises a secondary- 
binding site. 

The 3:10 turn, however, does not appear to be essen- 
tial, as multiple substitutions in this region failed to affect 
activity [22]. Phe21 makes aromatic contacts with Tyrl3, 
Phell, and Trp51 and may have a structural role. Never- 
theless, the possibility that Phe2 1 has hydrophobic or aro- 
matic contacts with the receptor cannot be ruled out, but 
more experiments are required to test this. 

In a study measuring changes in structure (chemical 
shifts) on binding of the IL-8 dimer to a receptor peptide 
corresponding to the NH L >-terminal of 1L-8R1, changes 
involving many sites were observed [20] and it is instruc- 
tive to compare the findings with our structure-activity 
studies. Peptide-IL-5 contacts were observed between 
Thrl2, Lysl5, Phell, Mis 18, LyslO, and Phell. We have 
found that the individual substitution of Ala or Arg for 
Lysl5, Leu for Phell, and Phe for Mis IS had little or no 
effect on activity. In the IL-8R1 peptide study interactions 
were observed between the loop region of IL-8 and also 
Glu48, Leu49, C\s50. Ser44, and Val6L Residues 44, 48, 
and 61 were replaced in hybrids (S44K, E48K, V61K) 
without loss of activity. Leu49 shifts were prominent and 
are of interest because of the proximity of the side chain 
to the C-X-C region in the three-dimensional structure. 
To test the role of Leu49 we synthesized L49A and no 
difference in activirv compared with native was observed, 
thus suggesting that any hydrophobic contacts involving 
the receptor and this residue are not crucial for function. 
However, a L49R analogue was less active, probably due 
to the introduction of a positively charged group near the 
C-X-C and ELR motifs. 

Overall, the observed IL-8R1 peptide-IL-8 interactions 
[26] do not correlate well with our structure-activity stud- 
ies. As the authors indicate the interactions are weak and 
the N II ^-terminal receptor peptide may not be repre- 
sentative of the receptor. Nevertheless, our results indi- 
cating the importance of the NH-tei minal loop region of 
IL-8 agree with the receptor peptide-induccd chemical 
shift changes in that region. The latter is also consistent 
with receptor mutagenesis studies showing that the NH 2 - 
terminal region of the receptor is the determinant of 
C-X-C chemokine selectivity [5]. 

The disulfides 

When the cysteines that form each disulfide bridge were 
substituted in pairs with the cysteine isostere, ct-ami- 
nobutyric acid (side chain CH 2 '-CH0, both analogues 
were inactive and NMR studies showed significant struc- 
tural perturbation, probably due to loss of the disulfide 
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[22]. Both disulfides are essential for function, indicated 
bv lack of activity of the two analogues. These results 
demonstrate that the conformational restrictions im- 
posed by the disulfides are critical for function. 

The 30-35 turn 

Some residues within the 30-35 turn could be substituted 
without loss of activity. For example, His33 was analyzed 
extensively due to its interaction with the C-X C region 
and proximity to the two disulfides and the ELR motif. 
Various substitutions for His33 had no effect on activitv 
[22]. NMR studies of the H33A analogue demonstrate 
that the structural changes were local and included C\s34 t 
which is involved in the 7-34 disulfide. There was no 
difference in the well-ordered structure [20]. Further ana- 
logues showed that the GI\3J~Pro32 motif in the 30-35 
turn was essential. This motif determines the structure of 
the 30-35 turn, and, most likely, also the 7-34 disulfide, 
which would be predicted to influence the conformation 
of the ELR motif. 



Receptor interaction hypothesis 

We hypothesize that the IL-8 protein structure, including 
the two disulfide bridges, acts as a scaffold that controls 
the conformation of two receptor binding regions: the 
ELR motif and a region in the 10-17 loop. According to 
the C5a receptor model [37], the ELR motif would bind 
site 2, which is buried in among the seven receptor heli- 
ces, and the loop region would bind site 1 on the surface 
of the receptor. As ELR-containing peptides do not bind 
to the receptor, we speculate that binding to site 1 is 
required to expose the ELR binding site. 

STRUCTURE-FUNCTION OF C-C CHEMOKINES 

Based on the sequence rclatedness of chemokines and 
our results with analogues, we hypothesized that there 
would be similarities in the way that C-X-C and C-C 
chemokines interact with their receptors. Specificallv. we 
speculated that the NHo-terminal region would be critical 
and that secondary sites would be necessary. 

The role of the NH 2 terminal in MCP-1 activitv was 
investigated by deletion and substitution analogues [38 J 
The results demonstrated that the NH^-terminal region 
was essential for receptor binding and activitv. However 
instead of just three residues as in the C-X-C chemokines' 
the entire 10 residues that are NH 2 -termmal to the first 
cysteines were important. A peptide corresponding to 
residues 1-10 lacked binding and activity, a finding tint 
is consistent with C-X-C chemokinc results. ° 

Several unexpected findings were obtained with these 
analogues [38]. Deletion of the first residue (a pvrogluta- 
maie) of MCP-1 markedly decreased activity, this con- 
trasts with the C-X-C chemokines, where the presence of 
ELRCXC is essential, but residues NFL-terminal to the 
ELR motif vary and are not critical. For MCP-1, addition 
of a residue to the NH L >-terminal or acetylation of the 
NHo-ternunal glutamine resulted in loss of activitv. Sur- 
prisingly, analogues with the NHo-terminal residue con- 
verted to Asn (but not A T -acetylated Asn), or residues with 
nonpolar side chains of varying size, had equivalent activ- 
ity to native MCP-1. Thus, the cyclic pyroglutamatc was 
not required. Nevertheless, the integrity of a residue at 
the XHo-termmal position is required for full activitv. 
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Fig. 4. Model for interaction of MCP-1 analogues uith the receptor An 
outline of part of the MCP-1 receptor binding pocket, showing activation 
and binding region. The binding interactions of three MCP-1 analogues 
full-length MCP-1 (top), 2-76 (middle), and 5-7b (bouom)are indicated.' 

These observations suggest that the peptide backbone but 
not the side chain of residue 1 is critical and interacts with 
the receptor (Fig. 4) in a complementary manner and that 
the side chain is not involved. 

It should be noted that the conversion of glutamine to 
pyroglutamate is spontaneous, with the equilibrium favor- 
ing the latter. Thus, it is not possible to determine 
whether the glutamine form is biologicallv active, because 
during isolation the pyroglutamyl form will be generated. 
Nevertheless, from our results we would predict that the 
glutamine form would be equivalent to the pvrocrlutamate 
form. ° 

Analogues that had either one, two, or three residues 
deleted from the NH2-terminal had lower (-150-fold) 
binding affinity and activity than full-length native MCP-1 
However, surprisingly, MCP-1, 5-76 had significant activ- 
ity and bound to the MCP-I receptor (A' d 8-fold lower 
than native MCP-1). The 6-76 analogue was the shortest 
NH 2 -terminally truncated molecule with detectable bio- 
logical activity. Further deletion resulted in analogues 
that had significant binding to the receptor but no func- 
tional activity. These results are interpreted according to 
the diagram shown in Figure 4. We propose the existence 
of an activation region and a receptor binding region that 
comprise residues 1-6 and 7-10, respectively According 
to this model, deletion of NH 2 -terminaI residues 1-3 
caused not only loss of some of the receptor contacts 
necessary for activation, but also inhibited binding of the 
7-10 region. Presumably, the shortened NHo-terminal re- 
gion adopts conformations that reduce binding. How- 
ever, once the NH^-terminal residues 1-4 are removed, 
residue 5 from the activation region and residues 7-10 
revert to a form that has significant binding and also 
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activates the receptor (Fig. 4). The results also suggest 
tlnat lle5 is involved in receptor activation. 

Several of the truncated analogues bind receptors but 
have no activity, suggesting that they may be competitive 
receptor antagonists. MCP-1, 7-76, 8-76, 9-76, 10-76, 
and 11-76 were all receptor antagonists, the most potent 
being MCP-1, 9-76, which had an IC 5 o of 20 nM when 5 
nM of MCP-1 agonist was used as the stimulus [38]. The 
MCP-1 antagonists desensitized the calcium response to 
MCP-receptor ligands but not the response to RANTES, 
MlP-la, or MIP-ip. Receptor binding studies confirmed 
the specificity of the MCP-1 antagonists. 

Truncation of the NH 2 -terminal region (up to the First 
cysteine) of MCP-1 resulted in MCP-1, 11-76, which had 
residual binding activity, suggesting that a second binding 
site is present elsewhere in the molecule, and this second 
region binds, although with low affinity, independently of 
residues 1-10 [38]. This contrasts with the C-X-C chemok- 
ines, where truncation of the ELR motif resulted in no 
receptor binding. 

We attempted to transfer the potency and cellular ac- 
tivity of the closely related C-C chemokines MCP-1 and 
MCP-3 by swapping the NH 2 -terminal regions. However, 
the activity and binding of the resulting hybrids was lower 
than expected, suggesting that the NH^-terminal is not 
sufficient to determine activity, and that the NHa-terminal 
binding site and secondary sites complement each other 
to give maximal binding and activity. 

To begin to examine additional MCP-1 binding sites, 
we showed that Tyr 13 and Tyr 28 can be converted to 
phenylalanine without loss of activity. Furthermore, an 
analogue (Y28L, R30V) MCP-1 was shown to retain MCP- 
1 activity, although the potency was reduced compared 
with MCP-1. However, in contrast to published results 
[39], our analogue lacked activity on neutrophils, thus the 
reported conversion of MCP-1 from monocyte activity to 
neutrophil activity was not reproduced. The reasons for 
this difference are unknown. A more extensive report 
described MCP-1 NH 2 -terminal mutants that had antago- 
nist activity and also some mutants with internal substitu- 
tions [40]. The authors interpreted their functional 
results as supporting an earlier model proposed for IL-8 
that involved receptor binding between the two a-helices 
of the dimer [14]. None of our data for any chemokine 
are consistent with this hypothesis. 

The C-C chemokines were analyzed for the chemoiactic 
activity on monocytes and THP-1 cells. The order of po- 
tency was MCP-1, MCP-3, MCP-2, RANTES, MIP-loc, and 
MIP-1JJ. Synthetic 1-309 lacked detectable activity, in con- 
trast to cell-derived 1-309 [41]. It is possible that glycosyla- 
tion or some other posttranslational modification is 
responsible for the difference. 

We have found that both MCP-3 and MCP-2 stimulate 
chemotaxis, enzyme release, and intracellular calcium in- 
duction in monocytes and THP-1 cells and enzyme release 
in monocytes. MCP-3 is always the more potent of the 
two. MCP-3 and MCP-2 appear to be functionally similar 
and both stimulate basophils, eosinophils, and lympho- 
cytes, as well as monocytes [31, 42]. Thus, in contrast to 
published findings suggesting a distinct mechanism of 
action for MCP-2 [43], our results indicate that it is simply 
a less potent ligand for MCP-3 receptors. 



SUMMARY 

Based on the close structural similarity of the C-X-C and 
C-C chemokines and our current knowledge of their 
structure-activity relationships, we propose that despite 
the differences noted above, the general mechanism of 
receptor binding will be similar for both. Thus, the 
chemokines function as monomers, the primary binding 
and activation site is located at the NHrterminal, and a 
secondary site is located in the flexible loop region that 
follows the second cysteine. The tertiary* structure pro- 
vides a scaffold that controls the conformations of these 
regions so that they can form complementary interactions 
with the receptor binding site. 
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Structure-activity relationships of human interleu- 
kin-8 (EL-8) were probed using chemically synthesized 
analogs with single or double amino acid substitutions, 
as well as hybrids derived by substituting EL-8 regions 
into IP 10, a related protein that lacks EL-8 activity. The 
analogs were tested for functional activity by measuring 
induction of elastase release from human neutrophils 
and competition for binding of radiolabeled EL-8. The 
hybrid studies indicated that Gly 31 and Pro", as well as 
the NTLj-tennLnal region from EL-8 are required to con- 
vert EP10 into a fully functional protein, suggesting that 
these elements are critical for EL-8 activity. Both disul- 
fide bridges, Unking residue 7 to 34 and residue 9 to 50, 
were critical for function, as shown by substituting the 
cysteine pairs with a-aminobutyric acid. Single conserv- 
ative substitutions were generally accepted into the 
10-22 region of EL-8, which contrasts with the ELR motif 
(residues 4-6), previously shown to be essential for ac- 
tivity. The importance of residues within the 10—15 re- 
gion and the 17-22 region was demonstrated with hy- 
brids. In addition, some of the 4—22 residues have 
structural roles that may be important; for example, 
Tyr 18 , Phe IT , and Phe" 1 are involved in aromatic interac- 
tions in the IL-8 structure, and are also moderately sen- 
sitive to modification. Except for Cys 6 *, the results argue 
against a role for the 36-72 region, including the COOH- 
terminal or- helix, in receptor binding. We conclude that 
the disulfide bridges and 30—35 turn provide a structural 
scaffold for the NILj- terminal region which includes the 
primary receptor-binding site (the ELR motif) and sec- 
ondary binding and conformational determinants be- 
tween residues 10 and 22. 



Human interleukin-8 (EL-8) 1 is the most studied member of a 
superfamily of proinflammatory cytokines, many of which are 
chemoattractants for leukocytes, and which have been termed 
chemokines (from chemotactic cytokine) (1-3). Chemokines are 
70— 80-residue proteins with 4 conserved cysteines and are sub- 
divided into two families; one, which includes IL-8, in which the 
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tional Institutes of Health Grant R01 GM-50969-01, and Swiss Na- 
tional Science Foundation Grant 31-26700.88. The costs of publication 
of this article were defrayed in part by the payment of page charges. 
This article must therefore be hereby marked "advertisement" in ac- 
cordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

9 Recipient of a Medical Research Council of Canada Scholarship, lb 
whom correspondence should be addressed. 

1 The abbreviations used are: IL-8, interleukin 8; NAP, neutrophil 
activating protein; GRO, growth related protein; PF4, platelet factor 4; 
ELR motif, Glu-Leu-Arg sequence; Gly-Pro motif, IL-8 Gly" and Pro* 1 ; 
HPLC, high performance liquid chromatography; Aba, a-aminobutyric 
acid. 



first 2 cysteines are separated by 1 amino acid (CXC chemo- 
kines), and the other, in which the first 2 cysteines are adjacent 
(CC chemokines). Other CXC chemokines are neutrophil -acti- 
vating peptide-2 (4), the growth-related gene products GRO-a, 
-B, -y (5, 6), ENA-78 (7), granulocyte chemotactic protein-2 (8), 
platelet factor 4 (PF4) (9), and IP10, the product of an inter- 
feron-v-inducible gene (10). With the exception of PF4 and 
IP 10, all the members of the IL-8 family have neutrophil acti- 
vating properties and induce chemotaxis and granule release 
(exocytosis). There are two high affinity CXC chemokine recep- 
tors, IL-8R1 which has high affinity for IL-8 and low affinity for 
other family members, and IL-8R2, which has high affinity for 
IL-8 and other neutrophil-activating CXC chemokines (11—14). 
Both PF4 and IP10 lack significant IL-8 receptor binding (15, 
16) and probably have unrelated functions (17, 18). 

NMR studies of IL-8 have shown that it is a homodimer in 
solution (19). The monomelic unit in the three-dimensional 
structure reveals a highly flexible NH U -terminal region fol- 
lowed by three anti parallel B strands and a COOH- terminal 
a-helix. The dimer is stabilized by formation of a six-stranded 
antiparallel fl sheet (three from each monomer) and by hydro- 
phobic interactions with the overlying helices (19, 20). The 
structure of IL-8 has also been determined by x-ray diffraction, 
and although the overall fold is very similar some differences 
are apparent (20, 21). For example, the NH a terminus is more 
ordered in the x-ray structure, and the two a-helices are closer 
by 3 A. The strongest indication of structural relate dneas 
within the IL-8 family comes from the PF4 x-ray structure 
which has a fold very similar to that of EL-8 (20, 22). PF4 
crystallizes as a tetramer, although NMR studies indicate the 
existence of an equilibrium between monomers, dimers, and 
tetramers in solution (23). A preliminary NMR study of GROa 
also suggests structural similarities to IL-8 (24). 

We have used chemically synthesized analogs to study struc- 
ture activity relationships of IL-8 and other CXC chemokines. 
In an earlier study with truncated analogs, we showed that 
three NH a -terminal residues, Glu*-Leu 5 -Arg* (ELR motif), of 
the 72-residue form of IL-8 are essential for activity and recep- 
tor binding (25). In contrast, the COOH-terminal a-helix is not 
essential, as it could be deleted without complete loss of activity 
(25). A parallel study using alanine mutagenesis also demon- 
strated the importance of the ELR motif (26). We also synthe- 
sized multiple analogs with single replacements in the ELR 
motif and found that all 3 residues were sensitive to modifica- 
tion (15). An alternative approach was to incorporate the ELR 
motif into chemokines that are not active on neutrophils. ELR 
modification conferred activity to PF4, but not to IP 10, indicat- 
ing that the ELR is necessary, but not sufficient for IL-8 recep- 
tor interaction and neutrophil activation (15). This conclusion 
is further supported by the findings that the ELR peptide, and 
several peptides containing the ELR motif, did not bind to EL-8 
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Fio. 1. Sequences of IL-8 and IP10. The aligned sequences of full-length 1LS (1-72) and IP 10 (1-74) are shown, with the cysteines highlighted 
with arrowheads. 



receptors and lacked agonist or antagonist activity. 

A recent study of the functional requirements for IL-8 dimer- 
ization showed that a monomelic form is fully active in vitro, 
suggesting that the biologically relevant form of IL-8 may be 
the monomer (27). 

In this study we have used several strategies to define addi- 
tional residues or structural regions as determinants of IL-8 
activity. Substitutions of either a conservative or a nonconser- 
vative nature were made at various positions, focusing primar- 
ily on the NHj- terminal 35 residues. In an alternative ap- 
proach, hybrids between IL-8 and the inactive IP10 protein 
were designed to identify structural regions and residues re- 
quired for IL-8 activity. The results presented indicate that 
residues 4—22 include all the essential receptor binding motifs 
and that the 30-35 turn is part of the scaffold that assures 
correct conformation of the NH 2 -terminal region through the 
7-34 disulfide bridge. 

EXPERIMENTAL PROCEDURES 

Chemical Synthesis Methods — All the IL-8 analogs and peptides were 
synthesized with (-butoxycarbonyl chemistry (28) and automated solid- 
phase methods (29) as described in detail elsewhere (25, 30). All the 
analogs were folded and purified by reverse- phase HPLC, as described 
(30). The fully folded products characteristically elute 3 min earlier 
than the unfolded forms. All analogs were tested for free thiols using 
EUmans reagent as described (31). 

Biological Assays — Human neutrophils were isolated from buff/ 
coats of donor blood, and stimulus-dependent elastase release was de- 
termined after pretreatment of the cells with cytochalasin B, as de- 
scribed previously (32). Concentrations were determined by weighing of 
lyophihzed material (0.5—2 mg), and the molar concentrations were 
based on the molecular weight of the monomer. 

Receptor Binding Assays — IL-8 iodination, binding assay b, and the 
calculation of binding parameters were performed as described (11). 

Mass Spectrometry — Molecular masses were determined on a PE- 
SCIEX APIII spectrometer interfaced to an HPLC for ionspray sample 
delivery. 

RESULTS AND DISCUSSION 

The Synthetic Analogs — The rationale for the design of ana- 
logs is described below, in the appropriate sections. Each ana- 
log was chemically synthesized, folded, purified, and charac- 
terized. Almost all the analogs folded spontaneously to give 
molecules lacking detectable free thiols. An exception was the 
K23E analog, which gave two distinct peaks with identical 
mass. These two forms represent alternative stable conforma- 
tions, but the structural basis for the two forms was not inves- 
tigated. The analogs were purified by reverse-phase HPLC and 
each gave a discreet peak without shoulders (25, 30). The ana- 
logs were analyzed by isoelectric focusing and found to give 
single sharp bands with pi values between 7.5 and 9 (results 
not shown). 

The analogs were subjected to electrospray mass spectrom- 
etry, and each determined mass corresponded to the calculated 
mass within experimental error. Although mass spectrometry 
does not provide the covalent structure, the data strongly sup- 
port the contention that the molecule that was purified is the 
target protein. Mass spectrometry is one of the few physical 
techniques that analyzes the protein without fragmentation or 
chemical modification, and therefore is sensitive to most cova- 



lent modifications that can occur during synthesis. Amino acid 
analysis was performed on most analogs, and the results were 
consistent with the expected composition. For each analog, the 
average mass obtained, ± the error, and, in brackets, differ- 
ences from the calculated average mass were; IL-8 (1-72), 
8382.6 ± 0.9 (+0.8); IL-8 (3-72), 8223.2 ± 1.5 (-0.5); IL-8 (4-72), 
8094.9 ± 0.8 (-0.6); Aba 4,34 (1-72), 8347.1 ± 1.1 (-0.8); Aba 
9,50 (1-72), 8347.3 * 0.6 (-0.6); Q8L (3-72), 8208.1 ± 0.8 (-0.6); 
Q8P(4-72), 8064.4 ±0.7 (-0.1); I10V (4-72) 8081.2 ± 0.9 (-0.3); 
I10AC4-72), 8053 ± 1.3 (-0.4); K11R (3-72), 8251.5 =t 0.9 (-0.2); 
T12S (3-72), 8210.2 ± 0.6 (+0.6); Y13F (3-72), 8207.5 ± 0.7 
(-0.2); Y13T (1-72), 8319.7 ± 1.1 (-0.1); S14T (3-72), 8237.1 ± 
0.6 (-0.6); K15R (4-72), 8123.0 ± 1.3 (+0.5); P16G (4-72), 
8055.9 ± 1.0 (+0.5); KP15,16G (3-72), 8054.3 * 1.3 (-1.2); F17L 
(3-72), 8188.6 ± 1.4 (-1.0); H18F (3-72), 8232.8 ± 2.2 (-0.9); 
K20R (3-72), 8251.1 ± 0.9 (-0.6); K20E (3-72), 8223.6 ± 1.3 
(-1.0); F21L(4-72), 8062.0 ± 1.3 (-0.5); K23E (3-72), 8224.6 ± 
0.9 (0); K23E, E24K (3-72), 8223.5 ±1.1 (-0.2); R26E (3-72), 
8196.0 ± 1.1 (-0.6); E29K (3-72), 8221.9 ± 1.5 (-0.8); H33A 
(4-72), 8029.0 ± 0.6 (-0.2); H33F (1-72), 8391.9 * 1.0 (0); H33L 
(1-72), 8358.1 a: 0.8 (+0.3); H33E (4-72), 8086.5 = 1.1 (-1.0); 
H33Q (4-72). 8085.7 ±1.2 (-0.8); H33S (4-72), 8044.7 ±1.1 
(-0.7); H33D (4-72), 8073.1 ± 1.0 (-0.3); G31S, P32Q (4-72), 
8156.3 ± 0.4 (-0.3); G31P, P32G (4-72), 8096.2 ± 1.0 (+0.7); 
A35P (4-72), 8121.4 ± 0.2 (-0.1); IP10H-1, 7853.6 ± 1.5 (-0.7); 
IP10H-2, 8341 ± 1.3 (-1.2); IP10H-3, 8063.4 ± 1.1 (-0.3); 
IP10H-4, 8144.1 ± 0.6 (-0.7); IP10H-5, 8260.4 ± 0.8 (-0.6); 
LP10H-6, 8217.0 ± 1.5 (-1.0); IP10H-7, 8088.9 ± 0.9 (-0.8); 
IP10H-8, 8252.8 ± 0.9 (-0.3); IP10H-9, 8233.8 ± 0.8 (-0.2); 
IP10H-10, 7960.0 ± 0.8 (-1.4); IP10H-11, 7985.4 ± 0.6 (-0.1); 
IP10H-12, 8190.5 ± 0.8 (-0.4). 

The purified analogs were assayed for functional activity by 
measuring their ability to induce the release of elastase from 
human neutrophils and for IL-8 receptor interaction by meas- 
uring competition for binding of radiolabeled IL-8. Previous 
studies (15, 25) have shown that elastase release is the most 
reliable assay for comparing the potency of IL-8 analogs. To 
enable evaluation of analogs with low activity, the concentra- 
tion required to induce 30% of the maximum response (EC M ) 
obtained with IL-8 was chosen as the basis for comparison. 

IL-8 analogs with single or double amino acid substitutions 
were synthesized as either the 1-72, 3-72, or 4—72 forms. The 
IL-8 (1-72) sequence is shown in Fig. 1. The 3-72 and 4-72 
forms of IL-8 have significantly lower EC, 0 than the full-length 
form, IL-8 (1-72) (25, Table I). All three forms are found in IL-8 
derived from mononuclear cells (33, 34). The IP10-IL-8 hybrids 
were synthesized with the NH 2 -terminal sequence ELRC, as for 
IL-8 (4-72). 

Role of the Disulfide Bridges — Previous studies with reduced 
and carboxymethylated IL-8 suggested that the disulfide 
bridges are critical for activity (32, 35). However, with this 
approach all cysteines are modified simultaneously, and sec- 
ondary reactions cannot be ruled out. To assess the role of the 
individual disulfide bridges, we substituted the cysteine pairs 
for a-aminobutyric acid (Aba). This non- natural amino acid was 
chosen because on superimposition with cysteine its ethyl side 
chain is closer to being isosteric than any of the naturally 
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Table I 

Neutrophil activation and binding of IL-8 substitution analogs 
Chemically synthesized analogs were tested at concentrations ranging between 0.1 and 1000 nu for stimulation of elastase release from 
cytochalasin B-pretreated neutrophils. The concentration required for 30% CEC X ) of the maximal elastase release that was obtained with the 
corresponding IL-8 control was determined. EC 30 values shown are the mean ± S.D. from three or four experiments performed with different 
neutrophil preparation*. To allow quantitative comparison between different experiments, the EC M values for the unknowns were normalized by 
a factor equivalent to the ratio of the appropriate control (IL-8 (1-72), (3-72) or (4-72)) value obtained in the same experiment and the 
corresponding mean control value obtained from multiple experiments. These mean control values were: IL 8, ( 1-72), 5.3 t 3 6 [n = 26); IL-8 (3-72), 
0.8 ± 1.0 <n » 17); and IL-8 (4-72), 1.6 ± 1.0 (n * 46). Fold increase designates the ratio of the EC M of the analog to the EC^ of the appropriate 
IL-8 control. The binding dissociation constants (A^ values ) were determined from competition curves obtained for 121 I-IL-8 binding to neutrophils 
in the presence of unlabeled analogs at concentrations ranging from 0.1 to 10,000 an. Values are means from two independent experiments. The 
mean control K d values (n** ± S.D.) were: IL-8 (1-72), 0.5 * 0.1 in = 5); IL-8 (3-72), 0.3 * 0.07 (n = 4); and IL-8 14-72), 0.35 ± O.05 (n = 5). Fold 
increase is the ratio of the K d of the analog to the K d of the respective IL-8 control. 
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K11R (3-72) 


0.72 * 0.31 
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0.3 


T12S (3-72) 


0.80 * 0.09 
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Y13F (3-72) 
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33 1 16 


6.2 


3.2 


6 4 


S14T (3-72) 


0.67 ± 0.31 


0.8 


0.25 


0.8 


K15R (4-72) 


1.4* 0.25 


0.9 


0.2 


0.6 


P16G (4-72) 


2.2 t 0.31 


1.4 


0.6 


1.7 


KP15.16G (3-72)- 


22 i 2.7 


28 


12 


40 


17-21 turn analogs 










F17L (3-72) 


2.5 ± 1.8 


3 1 


0.3 


1.0 


H18F (3-72) 


0.94 ± 0.24 


1.2 


0.4 


1.3 


K20E (3-72) 


8.5 ± 3.4 


11 


2.0 


6.7 


K20R (3-72) 


0 43 ± 0.24 


0.5 


0.15 


0.5 


F21L (4-72) 


16 t 4.3 


10 


3.0 


8.6 


Dimer interface analogs 










K23E (3-72) 


1.2 * 0.06 


1.5 


0.4 


1.3 


K23E, E24K (3-72) 


1.0 * 0.55 


1.3 


0.2 


0.7 


R26E (3-72) 


1.0 x 0.46 


1.2 


0.3 


1.0 


E29K (3-72) 


1.1 ± 0.77 


1.3 


0.3 


10 


30-35 turn analogs 










H33A (4-72) 


1.2 ± 0.55 


0.7 


0.35 


1.0 


H33D (4-72) 


19 ± 5.9 


12 


15 


43 


H33E (4-72) 


2.3 ± 0.31 


1.4 


1.6 


4.6 


H33F (1-72) 


16 ± 11 


3.0 


1.2 


2.4 


H33LU-72) 


46 ± 21 


8.7 


8.0 


16 


H33Q (4-72) 


1.1 ± 0.10 


0.7 


0.35 


1.0 


H33S (4-72) 


1.6 ± 0.05 


1.0 


0.55 


1.6 


G31S, P32Q (4-72) 


310 * 250 


190 


60 


170 


G31P, P32G (4-72) 


500 ± 330 


300 


16 


46 


A35P (4-72) 


1.7 ± 0.26 


1.1 


0 4 


1.1 



" Pro'* converted to glycine and Lys w deleted. 



occurring nonpolar amino acids (36). As expected, both the Aba 
7,34 and Aba 9,50 analogs formed the single disulfide bridge. 
However, Aba 7,34 lacked detectable activity, and Aba 9,50 had 
only marginal activity in both binding and elastase release 
assays, suggesting that both disulfides are required to main- 
tain the biologically active conformation. Molecular dynamics 
of the Aba 7,34 model that was derived by modification of the 
NMR structure suggest that the molecule loses its compact 
structure, and the 7-17 and 29—37 regions in particular were 
displaced and exhibited increased mobility. Only the 7-17 re- 
gion was apparently displaced in models of the Aba 9,50 analog 



(data not shown). These results suggest that the disulfide 
bridges maintain the structure in a compact form and retain 
the receptor binding regions in the appropriate conformation. 
Thus, even though earlier studies showed that the highly flex- 
ible ELR motif is essential for receptor binding (25, 26), the 
integrity of the folded compact tertiary structure is also neces- 
sary (19, 20, Fig. 2). It is not known whether the mobility of the 
structure prevents access of the ELR motif to the binding site, 
or whether it alters the three-dimensional relationship be- 
tween multiple receptor binding regions. 

The Loop Region Residues 8-16 — In the flexible NH a -termi- 
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Fio. 2. A ribbon diagram of EL-8. Shown is the backbone fold of the 
IL-8 (4-72) dimer, with one monomer as a solid ribbon and the other as 
ribbon strands. The disulfide bridges and structural features and resi- 
dues that are relevant to the described experiments are indicated. 

nal region, conservative substitutions were made to test the 
importance of these residues. The rationale was that a conserv- 
ative substitution of a residue that is directly involved in bind- 
ing to the receptor would be poorly tolerated. This was the case 
for the ELR motif, where even conservative modifications had 
substantially reduced potency (15). These results were inter- 
preted as indicating that the ELR motif is directly involved in 
receptor binding. Although the interpretation depends on the 
individual residues, small reductions in activity (less than 
3- fold increase in EC^) could be a consequence of conforma- 
tional changes distant from the substituted amino acid. 

Gin 8 is located between 2 critical cysteines (Fig. 2) although 
in CXC chemokines this position is not conserved (1-3). Sur- 
prisingly, replacement of this residue with leucine led to a 
2-fold decrease in EC W and a 5-fold decrease in K d compared 
with IL-8 (4-72). When the more constrained proline residue 
was substituted for Gin 8 , the EC^ increased 2-fold, and the K d 
increased 4-fold. The results indicate that neither substitution 
had a major effect on activity, although the enhanced binding of 
Q8L is noteworthy. Minor changes were also observed when 
lie 10 was changed to valine (Table I). However, by alanine mu- 
tagenesis, He 10 was identified as being critical, since the Ala 10 
mutant had a 30-fold lower affinity (26). We synthesized the 
Ala 10 analog, and the assays showed a 22-fold increase in EC M 
and a similar increase in K d . (Table I). One interpretation of 
these results is that a ^-branched amino acid is required for 
maintaining the conformation of the NH^-termmal loop. An- 
other interpretation is that receptor binding interactions in- 
volve the ^-branched methyl of isoleucine or valine, but not the 
methyl of alanine. 

As shown in Table I, the EC 30 of the K11R, T12S, Y13F, S14T, 
and K15R analogs were not significantly different from wild 
type. The corresponding K d values, however, were up to 6-fold 
lower, suggesting that receptor binding can be enhanced by 
modifying this region. Not all modifications were inert, as Y13T 
had about 6-fold increased K d . However, this change is struc- 
turally more radical than the Y13F, as it is 3 branched and 
much smaller. Nevertheless, these results suggest that these 5 
residues individually are not essential for function and do not 
directly influence receptor binding. The findings with the 
10—16 region contrast with the conclusions from the hybrid 
approach discussed later. 

With the exception of IP 10, in all the other human CXC 
chemokines the 8-16 loop is 1 residue shorter, and proline is 
replaced by glycine. We replaced Lys 15 and Pro 16 with glycine to 
give a shortened loop that resembles these other CXC chemo- 



kines. The resulting analog had readily detectable activity, but 
its EC 30 and receptor affinity were increased 28- and 40- fold 
respectively, compared with the control IL-8 (3-72). Although 
the other members of the CXC chemokine family are less potent 
than IL-8, their activities vary, and more data will be required 
to determine whether this is related to the shorter loop. IL-8 
binds to both receptors (IL-8R1 and IL-8R2), whereas the other 
neutrophil-activating chemokines bind only to IL-8R2 with 
high affinity. It is possible that the larger loop of IL-8 deter- 
mines binding to IL-8R1. Nevertheless, the differences ob- 
served with this analog compared with the single substitution 
analogs are probably due to the greater structural change in- 
volved with shortening the loop. 

The 3:10 Turn Residues 17-21— Phe 17 leads into the 3:10 turn 
and, when it was changed to leucine, the resulting analog, 
F17L, had an enhanced EC S0) but no significant difference in 
binding affinity compared with IL-8 (3-72) (Table I). The H18F 
analog had similar functional activity. For Lys 30 , an arginine 
substitution was fully accepted; however, the non-conserva- 
tively substituted K20E analog had an 11-fold higher EC^ and 
a 7 -fold higher K d . Substitution of Phe 21 for leucine resulted in 
an analog, F21L, that had about 10-fold higher EC^ and K d 
value. Thus His ie and Lys 20 , which are solvent exposed in the 
3:10 turn, were not highly sensitive to modification. The 2 
phenylalanines at positions 17 and 21 are bulky and buried in 
the structure, and form a number of hydrophobic contacts (19, 
20). This suggests that modification of these residues could 
leave a hole and thus cause adjustments to the packing of the 
hydrophobic core. Furthermore, both residues are involved in 
aromatic interactions with Tyr 13 , another residue that is sen- 
sitive to modification. It appears that the aromatic interactions 
between Tyr 13 , Phe 17 , and Phe 21 are important for a fully func- 
tional molecule. It is noteworthy that these aromatic residues 
are not present in CXC chemokines other than IL-8. 

$ Strand Residues 23-29 — This 0 strand stabilizes the dimer 
interface through hydrogen bonds with the corresponding an- 
tiparallel 23-29 0 strand of the other subunit. Tb examine the 
role of this region, we maintained the hydrophobic residues 
that pack in the interior and converted the charged amino acids 
to oppositely charged amino acids. 

The synthetic analogs synthesized were K23E, R26E, and 
E29K In addition, a double modification analog was made with 
Lys* 3 converted to glutamic acid, and Glu 24 changed to lysine to 
form the K23E, E24K analog. All of these proteins had EC W and 
K d values that were similar to the wild type form, indicating 
that the residues that were modified do not determine function 
and/or receptor binding. The role of Lys 23 deserves further com- 
ment. In the x-ray structure, this lysine forms a salt bridge 
with Glu 4 of the second subunit of the dimer and results in 
ordering of the ELR region (20). This is of interest because of 
the critical role of Glu 4 in determining activity (25, 26). This 
was not observed in the solution structure (19, 21), but the 
x-ray structure represents a less solvated molecule that may be 
more analogous to the receptor- bound structure. Thus it is a 
theoretical possibility that the Glu 4 to Lys 33 salt bridge forms on 
receptor binding. However, with Lys 23 changed to glutamic 
acid, the configuration observed in the wild type x-ray struc- 
ture is unlikely to form under any circumstances as the nega- 
tively charged residues would repel, rather than form a salt 
bridge. As K23E was fully active, we conclude that the salt 
bridge is not essential for activity or for stabilization of the 
receptor-bound form of IL-8. 

Residues 30-35 — The £ strand of residues 23-29 is followed 
by an atypical £ turn, consisting of residues 30—35, that leads 
into the second 0 strand. Three of the 6 amino acids can be 
considered structural: Gly 31 , Pro 32 , and Cys 14 , with the latter 
forming a disulfide bridge with Cys 7 . Much of our initial work 
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0 10 20 30 40 50 60 70 80 

Residue number 

Fig. 3. Comparison of sequences of LP10 hybrids. Each hybrid 
(numbered) is represented by a horizontal bar with the IP10 region 
open and IL-8 region closed. For comparison with Figs. 1 and 2, residues 
are expressed in terms of the IL-8, 1-72 sequence. IP10 has an insertion 
at position 46 in the aligned sequences (Fig. 1), and to maintain se- 
quence alignment of the hybrids, this residue was not included in the 
diagram. The NH f -terminal sequence of all the hybrids is ELRC, cor- 
responding to IL-8 (4-72). 

has focused on His 33 because of its proximity to the ELR motif 
and to the 7 to 34 disulfide, and also because its NE2 imidazole 
nitrogen accepts a hydrogen bond from the main chain amide of 
Gin 8 . In addition, His* 3 is conserved in most neutrophil -activat- 
ing chemokines. Replacement of His 33 with alanine, serine, or 
giutamine had no significant effect on function. Replacement 
with leucine, aspartic acid, glutamic acid, and phenylalanine 
caused a moderate increase in EC 30 and K d , Overall, these 
results demonstrate that His 33 can be radically modified with- 
out affecting function. The basis for the decreased activity of 
some of the analogs is uncertain. Nevertheless, the hydrogen 
bonding to the backbone amide of Gin 8 that is observed in the 
IL-8 structure cannot be supported by H33A or the other fully 
active analogs, suggesting that this is not an essential struc- 
tural feature. 

Design of Hybrids — Overall, the findings with the single and 
double replacement analogs were quite surprising. With the 
exception of the cysteines and the ELR motif, no other residues 
were found to be essential and many could be modified without 
significantly affecting activity or receptor binding. To further 
investigate the structural requirements for function, we de- 
signed molecular hybrids between IL-8 and CXC proteins that 
lack IL-8-like activity. The aim was to convert the inactive 
molecule to an active hybrid and to identify the minimal IL-8 
structure that is required for "activation" of the surrogate pro- 
tein, the role of which is to provide a structural scaffold. 

The first protein targeted for activation was PF4; however, 
we discovered that the ELR region alone was sufficient to con- 
fer activity upon PF4 (15). The two possible conclusions from 
this are that the ELR motif is the only receptor binding region, 
or that PF4 has recently evolved from a neutrophil -activating 
protein and has retained several structural motifs required for 
IL-8 receptor binding. In fact, evolutionary distance compari- 
son indicates that PF4, GRO-a, and NAP-2 are closely related 
to each other. As IP 10 is more distant from these chemokines 
and IL-8, it was chosen for hybrid studies. 

The IP 10 molecule is ideal for the hybrid study because, of 
the 17 residues which are identical in IP 10 and IL-8 (Fig. 1), 9 
could be considered structural (prolines, glycines, and cys- 
teines) and 5 belong to the hydrophobic core. Moreover, incor- 
poration of the ELR motif did not confer IL-8 activity upon 
IP 10, suggesting that additional structural determinants are 
required (15). In designing hybrids, care was taken to maintain 
the hydrophobic core of the IP10 protein that was predicted 
from the IL-8 structure. Comparisons of the primary structures 
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Fir.. 4. The 30-36 turn of IL-8 is required for function. The 

activity of IF 10 hybrids (Fig. 3) was determined in an assay measuring 
diastase activity (milliunits, mil) released from human neutrophils. A 
is IP10H-1 (▼), IP10H-2 (♦), IP10H-3 (•), and IL-8 (4-72) (O). B is 
IP10H-4 (x), IPlOH-5 (■) and IP10H-6 (A). IL-8 (4-72) was included in 
each set of measurements as a positive control . All the data shown were 
derived from the same experiment, and all the hybrids were assayed at 
least four times using different neutrophil preparations. 

of the IP10 hybrids are shown diagrammatically in Fig. 3. 

The 30-36 Turn Is Critical — We first focused on the NHj- 
terminal region, 4-26, the 30-35 atypical 0 turn, and the 44 49 
region that includes a type 1 0 turn (Fig. 2). These IL-8 regions 
were chosen for initial incorporation into IP10 because of their 
proximity to the ELR motif and/or exposed surface location in 
the IL-8 structure. 

IP10 hybrid- 1 (IP10H-1), which contained only the ELR mo- 
tif (residues 4—6) and residues 30-33 and 44—49 from IL-8, 
lacked .detectable activity (Fig. 4A). Additionally, IP10H-2, 
which included NH 2 -terminal residues 4—26, but not the 30—35 
or 44-49 regions, also had only barely detectable activity. In 
contrast IP10H-3, which contained all three regions, 4—26, 30- 
35, and 4 4 - 4 9, was equivalent to IL-8 in potency (Fig. 4A) and 
receptor affinity (Table II). This demonstrated that elements 
from the NH 2 -terminal region and the two turns are sufficient 
for full activity. 

Hybrids were then designed to determine if both 0 turns are 
necessary for function. IP10H-5, which contains only the 4—26 
and 30—35 regions, effectively stimulated elastase release, but 
was significantly less potent (9-fold) than IP10H-3 (Fig. 42? ). 
Conversely, IP10H-4, which contained 4—26 and only the sec- 
ond 0 turn (44—49), had only barely detectable activity (Fig. 4B) 
and very high K d (Table II). Together these results indicate that 
the 30—35 turn is critical for activity; however, potency was also 
affected by the 44—49 region. Examination of the IL-8 structure 
shows that Leu 4 * is close to the two disulfide bridges and the 
ELR motif (19, 20, Fig. 2). In IP10, this residue is an arginine. 
To test whether this non-conservative change is responsible for 
the functional difference between IP 1 OH -3 and IP10H-5, we 
synthesized a hybrid, IP10H-6, which was identical to IP10H-5, 
except for Leu". Elastase release and receptor binding demon- 
strate that IP 1 OH -6 is functionally similar to IP10H-3, thus 
indicating that the L49R difference was the basis for the lower 
activity of IP 1 OH -5 (Fig. 4B; Table II). We can conclude from 
these results that residues essential for IL-8 activity are con- 
tained within the 30—35 turn. 

GlyPro Is the Key Motif in the 30-35 Region — Another set of 
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Table 11 

Receptor binding of IP 10 hybrids 


Hybrid* 


k; 


Fold increase 


IL-8 (4-72) 


0.35 


1.0 


IP10H-1 


Undetectable 


>10,000 


IP10H-2 


100 


290 


IP10H-3 


0.7 


2.0 


IP10H-4 


50 


140 


IP10H-5 


8.0 


23 


IP10H-6 


0 4 


1.2 


IP10H-7 


1.3 


3.7 


IP10H-8 


0.5/80 c 


14 


IP10H-9 


2.5 


7.0 


IP10H-10 


35 


100 


IP10H-11 


60 


170 


IP10H-12 


0.45 


1.3 



* A schematic representation of the hybrids between IP10 and IL-8 is 
shown in Fig. 3. 

* K i values were obtained as in Table I. The mean K d ± S.D. for IL-8 
(4-72) was 0.35 + 0.05 in = 5). The binding data were consistent with 
either the one-site or two- site model. 



' Two distinct binding sites were apparent, and both K 4 values are 
given, 

hybrids was designed to determine the relevant residues 
within the 30-35 region of IL-8. The single replacement experi- 
ments had shown that His 33 could be modified without loss of 
activity (Table I). IP10H-7 was synthesized with 30-33 instead 
of 30-35 substitution, but otherwise was identical to IP10H-3 
(Fig. 3). IP10H-7 had only slightly less activity than IP10H-3 
(Fig. 5), indicating that Ala 36 is not an important functional 
determinant. Similarly, the single substitution analog, IL-8, 
A36P, was only slightly less potent than IL-8 (4-72) (Table I), 
further suggesting that replacement of Ala 35 with Pro is not 
significant for function. 

Subsequently, two analogs were synthesized to address the 
role of the 0 strand residues 23—26 and the importance of the 
Gly-Pro motif. In these analogs, the IL-8 44—49 turn, which is 
not essential (Fig. 4B ), was omitted. Comparison of IP10H-9 
(Fig. 5) with IP10H-5 (Fig. AB) indicates that side chains of 
residues 23-26 at the dimer interface are not functionally im- 
portant. IP10H-8, which contains only residues 4-23 and Gly 31 
and Pro 32 from IL-8, was only slightly less active (less than 
2 -fold difference in potency) than IP10H-9, which contains the 
complete 30-35 turn as well as residues 4-22 of IL-8 (Fig. 5). 
Interestingly, IP10H-8 had two receptor-binding sites, one with 
high affinity (K d 0.5), and the other with a 160-fold higher K d 
(Table II). The basis for the two-site binding is unknown, but it 
is unlikely to account for the 10-fold lower potency of IP10H-8, 
compared with IL-8 (4—72). This difference is probably due to 
the Arg 48 of IP10, as previous experiments established that this 
substitution alone accounted for a 9-fold lower activity of 
IP10H-5, compared with IP10H-6 (Fig. 4B, see above). 

The results with IP10H-8 and IP10H-9 suggested that the 
Gly-Pro motif within the 30—36 turn is the critical element. 
This hypothesis was examined by substitution of these 2 resi- 
dues in IL-8. An IL-8 analog in which Gly 31 and Pro 32 were 
replaced by serine and glutamine, respectively, the correspond- 
ing residues in IP 10, had a greatly increased EC 30 (190-fold) 
and K d (170-fold), providing further evidence for the impor- 
tance of the Gly-Pro motif for function (Table 1). Furthermore, 
when the glycine and proline of IL-8 were interconverted to 
form IL-8, Pro 31 , Gly 32 , the EC^ of the resulting analog was 
300-fold higher (Table I). The results indicate that the Gly-Pro 
motif is the critical component of the 30—35 region. 

Requirements in the NH 2 - terminal Region — We have shown 
that, apart from the ELR motif and the cysteines, additional 
residues from the 10—26 region of IL-8 are also required for 
activity. Further hybrids were designed to identify the essential 
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Fig. 5. IL-8, Gly 31 , Pro" is an important structural motif. The 

activity ofIPlOH-3 (•). IP10H-7 (A), IPlOH-8 (■), IP10H-9 (♦> and IL-8 
(4—72) (O) was determined as described in Fig 4 
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Fiu. 6. NHj-terminal region 10-23 is critical for IL-8 function. 

The activity of IP10H-10 (A), IP10H-11 (■), IP10H-12 (♦). and IL-8 
(4-72) (O) was determined as described in Fig. 4. 

elements. IP10H-10, containing residues 4-15, 24-26, 30-35, 
and 44-49 from IL-8, and IP10H-11, containing 4-10, 17-26, 
30-35, and 44—49 had only weak activity (90- and 440-fold 
decrease in potency, respectively, Fig. 6). The difference be- 
tween the two hybrids was in the 11—24 region, and the results 
demonstrate that residues within both the 11-15 and the 17—24 
regions are important. IP10H-12, which contains residues 
4-22, 30-35 and residue 49, had activity equivalent to IL-8, 
thus further demonstrating that IL-8 residues 23-29 were not 
required (Fig. 6). Of all the IP 10 hybrids with full activity, 
IP10H-12 contained the minimal IL-8 sequence. 

CONCLUSIONS 

The question being addressed in this paper is which struc- 
tural features are critical for IL-8 receptor binding and func- 
tional activation? Within the limits of the structure-function 
approach used, many of the questions have been answered, and 
a clear picture of the determinants of IL-8 receptor binding and 
activity has been inferred. Broadly, two different strategies 
have been employed: generation of analogs with single residue 
replacements and design of hybrids of IP10 and IL-8. Consist- 
ent with previous studies showing the importance of the ELR 
motif (residues 4-6), the results clearly demonstrate that the 
NH 2 - terminal region is the focus of the functional determi- 
nants. In particular, the two disulfide bridges, residues 10-22 
and 30-35, were found to be critical using the hybrid approach. 
Furthermore, the results indicate that the major structural 
regions in the three 0 strands and the COOH-terminal a-helix 
are not directly involved in receptor binding. Lys 13 analogs 
indicated that the ordering of the ELR motif observed in the 
x-ray structure (20) is not critical for function. 

The 30—35 turn has a key structural role, and the disulfide 
bridge between Cys 34 and Cys 7 anchors the ELR region to the 
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30-35 turn (19, 20). It is possible that this turn provides the 
correct geometry for the 7-34 disulfide, and this controls the 
conformation of the ELR motif. Alternatively, the 30-35 region 
or the disulfide itself, which is relatively exposed, could directly 
interact with the receptor. Single substitutions demonstrate 
that His 33 and Ala 3 * are not essential for receptor binding. The 
importance of the Gly-Pro motif suggests that the conformation 
of this region is critical and is likely to provide part of the 
framework for the receptor binding motifs. 

Within the 10-23 region, residues between Lys 11 and Lys ls 
are of particular interest. Although individual substitutions 
had no functional consequences, the hybrid experiments indi- 
cate that they are essential. This apparent contradiction is 
intriguing, but cannot be resolved with existing data. One pos- 
sibility is that the residues corresponding to the 1P10 11-15 
sequence are not compatible with receptor binding. It is un- 
likely that this would be due purely to the steric bulk as the 
side chains of these IP 10 residues are smaller. The low activity 
of IP10H-11 is also surprising because the 11-15 region is vari- 
able in the CXC chemokine family. Only Thr 12 is invariant, but 
this residue can be substituted for serine without affecting 
function (Table I). Even though the other IL-8 family members 
are less active than IL-8 and bind with high affinity to only one 
of the two receptors, selectivity for receptors could not account 
for the difference in activity between IP10H-11 and IPlOH-6. 

Predicting the roles of the IL-8 10-23 region with higher 
resolution will require further analogs aimed at fine mapping 
of the contributions of the individual residues. The three-di- 
mensional structures of the analogs will be necessary to deter- 
mine the structural changes that have occurred as a conse- 
quence of the modifications Ultimately, direct measurements 
of the binding to the receptor will be needed. Additional ques- 
tions of IL-8 structure-activity relationships are the difference 
in requirements for binding to the two IL-8 receptors, and the 
difference in requirements for chemotactic and exocytosis ac- 
tivities. 
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Neutrophil-activating peptide 1/interleukin 8 (NAP- 
l/IL-8), neutrophil-activating peptide 2 (NAP- 2), and 
fro/melanoma growth -stimulatory activity (gro/ 
MGSA) are potent inflammatory cytokines with ho- 
mologous structure and similar neutrophil-activating 
properties. Receptors on human neutrophils that inter- 
act with these peptides were studied. Analysis of 126 I- 
NAP-l/IL-8 binding at 0-4 °C revealed 64,500 ± 
14,000 receptors/cell with an apparent K d of 0.18 ± 
0.07 dm (mean ± S.D. of six independent experiments). 
Unlabeled NAP-l/IL-8, NAP-2, and ^ro/MGSA com- 
peted with l "I-NAP- l/IL-8 for binding to human neu- 
trophils. Competition with increasing concentrations 
of unlabeled NAP-2 and «t-o/MGSA resolved two 
classes of NAP- l/IL-8 binding sites: about 70% of them 
bound NAP-2 and gro/MGSA with high affinity (K d : 
0.34 ± 0.2 and 0.14 ± 0.02) , while 30% were of low 
affinity (K d : 100 ± 20 and 130 ± 10 niw). Different 
binding sites, however, were not apparent upon com- 
petition with unlabeled NAP-l/IL-8, suggesting that 
both classes of receptors have similar affinities for 
NAP-l/IL-8. The existence of two receptors was also 
suggested by ligand cross- linking and cross- desensiti- 
zation experiments. Two neutrophil membrane pro- 
teins with apparent M T of 66,000-74,000 and 42,000- 
46,000 became cross-linked to 120 I-NAP- l/IL-8, and 
the labeling was decreased when excess NAP-l/IL-8, 
NAP-2, or gro/MGSA was present. Stimulation of neu- 
trophils with NAP-l/IL-8 resulted in desensitization 
toward a subsequent challenge with NAP-2 or gro/ 
MGSA as shown by the rise in cytosolic free calcium. 
By contrast, following primary stimulation with NAP- 
2 or gro/MGSA, responses to NAP-l/IL-8 were only 
moderately attenuated, supporting the existence of 
NAP-l/IL-8 receptors which bind NAP-2 or grof 
MGSA with low affinity. In conclusion, our results 
demonstrate that NAP-2 and gro/MGSA act upon hu- 
man neutrophils by directly interacting with two 
classes of receptors for NAP - l/IL-8. 



Neutrophil-activating peptide 1/interleukin 8 (NAP-l/IL- 
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8), 1 neutrophil-activating peptide 2 (NAP-2), and ^ro/mela- 
noma growth-stimulatory activity (^ro/MGSA) are structur- 
ally related human peptides which were recently identified, 
and which are thought to act as mediators of inflammation 
(1, 2). NAP-l/IL-8 was originally described as a product of 
stimulated human mononuclear phagocytes (3-5), and later 
found to be produced by a variety of stimulated tissue cells, 
including fibroblasts (6, 7), endothelial, and epithelial cells 
(8), keratinocytes (9), and alveolar macrophages (10). Several 
N-terminal variants were identified in the conditioned media 
of blood monocytes (11), suggesting the generation of various 
active forms of NAP-l/IL-8 through differential proteolytic 
processing. A nucleotide sequence corresponding to the major 
form, which consists of 72 amino acids, has been synthesized 
and expressed in Escherichia coli (11). NAP-2, a peptide of 70 
amino acids, results from the N-terminal cleavage of platelet 
basic protein and its derivative, connective tissue -activating 
peptide III (CTAP-1II) (12, 13). Upon stimulation, platelets 
release from their a -granules the precursor peptides which 
were shown to be processed into NAP-2 by monocyte pro- 
teases (12). gro/MGSA is a potent activator of human neutro- 
phils (14) that was originally described as a mitogen for the 
human melanoma cell line Hs294T (15). This peptide of 73 
amino acids corresponds to a cDNA (gro) isolated from a 
cDNA library prepared from a human bladder carcinoma 
explant (16). In addition to melanoma cells and in vitro 
transformed cell lines, gro expression has been demonstrated 
in human fibroblasts, endothelial and epithelial cells (17, 18). 
Recently, gro/MGSA was purified from conditioned media of 
lipopoly saccharide- stimulated human blood monocytes (19). 
NAP-l/IL-8, NAP-2, and^ro/MGSA share a range of neutro- 
phil-activating functions. They induce che mo taxis, release of 
enzymes from specific and azurophil granules, mobilization of 
cytosolic free calcium (13, 14, 20, 21), and cause exudation 
and massive neutrophil infiltration upon intradermal injec- 
tion in rats and rabbits (14, 22, 23). A striking feature of these 
inflammatory cytokines is their extensive structural homology 
(Fig. 1). When aligned according to their 4 cysteine residues 
identity with NAP-l/IL-8 is 47% for gro/MGSA and 42% for 
NAP-2. 

Several recent reports described receptors for NAP-l/IL-8 



1 The abbreviations used are: NAP-l/IL-8, neutrophil-activating 
peptide 1/interleukin 8; NAP-2, neutrophil-activating peptide % gro/ 
MGSA, gro/melanoma growth-stimulatory activity; CTAP-IH, con- 
nective tissue -activating peptide III; fMLP, /V-formylmethylleucyl- 
phenylalanine; TNF, tumor necrosis factor; BSA, bovine serum al 
bumin; DFP, diisopropyl fluorophosphate; EGTA, [ethylene- 
bis(oxyethylenenitrilo)tetraacetic acid; HEPES, 4-(2-hydroxethyl)-l- 
piperazineethanesulfonic acid; PMSF, phenylmethanesulfonyl fluo- 
ride. 
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Fig. 2. Steady-state binding of I3 *I-NAP-l/TL,-8 to human 
neutrophils. The ratio of sites bound with iodinated ligand to the 
total number of binding sites per 10* neutrophils (% fraction bound) 
and the corresponding concentrations of total ligand were corrected 
for unspecific binding and binding capacity <33) after fitting of the 
experimental data with the program LIGAND (28). Values obtained 
from cells incubated with 1 mm unlabeled NAP-l/IL-8 and various 
concentrations of iodinated ligand are not represented in this dia- 
gram. The plot of residuals (fraction bound measured minus fraction 
bound calculated divided by the fraction bound calculated), corre- 
sponding to the binding data, illustrate the deviations from the fitted 
curve (one-binding site model). Inset, the same data represented by a 
Scatchard plot. The straight line corresponds to the fitted curve shown 
in the figure. Each value is the mean of duplicate measurements. 

on human neutrophils and myeloid cell lines (24-27). For 
neutrophils these results are conflicting with respect to recep- 
tor species and numbers, and so far no information is available 
on receptors for NAP -2 and gro/MGSA. In this report, we 
show that NAP -2 and gro/MGSA compete with iodinated 
NAP-l/IL-8 for binding to two classes of binding sites on 
human neutrophils, and present evidence from cross- linkage 
and functional studies that all three chemotactic cytokines 
activate neutrophils through a common receptor system. 

MATERIALS AND METHODS 2 
RESULTS 

Binding of lib I-NAP-l/lL-8 to Human Neutrophils— Iodi- 
nated NAP-l/IL-8 (0.2 nM) bound very rapidly to human 
neutrophils at 0-4 *C. Approximately 80% of maximal binding 
was reached after 5 min, and binding was at equilibrium after 
45-60 min (data not shown). Consequently, the incubation 
time in all steady-state binding experiments was chosen to be 
60 min or longer. Neutrophils were incubated at 0—4 *C for 90 
min with increasing concentrations of iodinated NAP-l/IL- 
8, and number of binding sites, affinity constants (Kj values), 
and unspecific binding parameters were determined by non- 
linear least squares fits of the measured binding data using 
the program LIGAND (28). Unspecific binding did not exceed 
3% of the respective free ligand concentrations. The binding 
data of a typical experiment are shown in Fig. 2. The fitted 
line was drawn through the measured points according to the 
one -binding site model (28). The difference between the meas- 
ured and the respective calculated points were too small to be 
seen and were thus plotted as residuals. A sign test (29) 
showed that the residuals were distributed randomly indicat- 
ing that the fitting according to a one-binding site model was 

1 Portions of this paper (including "Materials and Methods" and 
Figs. 1, 3, 5-7) are presented in miniprint at the end of this paper. 
Miniprint is easily read with the aid of a standard magnifying glass. 
Full size photocopies are included in the microfilm edition of the 
Journal that is available from Waverly Press. 



appropriate. The absence of a non- random distribution of the 
residuals excludes the existence of a sizable number of addi- 
tional binding sites of higher or lower affinity. Further model 
calculations indicated that a second class of as little as 500 
binding sites with a of 1 order of magnitude lower than 
that indicated by the one-binding site model (see below) would 
be detectable as a systematic deviation in the plot of residuals. 
The Scatchard plot in the inset of Fig. 2 shows the linear 
behavior expected for the binding of m I- NAP-l/IL-8 to a 
single binding site. In six independent binding experiments 
with neutrophils from different donors, the data were best 
described by a one-binding site model with 64.500 ± 12,000 
receptors/cell and a of 0.18 ± 0.07 nM. As indicated above, 
however, our analysis does not rule out the existence of a low 
number (<500 sites/cell) of binding sites with a K d smaller 
than 0.01 nM. 

Competition Binding Assays — It has been shown previously 
that at 37 *C receptor-bound NAP-l/IL-8 is rapidly internal- 
ized by human neutrophils (25). Twenty min after addition 
of ,25 I-NAP-l/IL-8 more than 95% of cell- associated radio- 
activity was resistant to acid washing. In contrast, bound 1JS I- 
NAP-l/IL-8 could be recovered almost completely (>95%) 
from the cells by acid treatment following incubation for up 
to 3 h at 0-4 "C (data not shown). Under these conditions it 
was therefore possible to investigate whether preincubation 
of neutrophils with excess NAP-2 or gro/MGS\ could inter- 
fere with L25 I- NAP-l/IL-8 binding. As shown in Fig. 3, neu- 
trophils that had been preincubated with either NAP-2 or 
gro/MGSA still bound iodinated NAP-l/IL-8. The binding 
occurred at similar rates as with untreated cells, and reached 
steady-state conditions after 45-60 min. The total binding of 
iodinated NAP-l/IL-8, however, was decreased by approxi- 
mately 75 and 60% for cells preincubated with NAP-2 or groj 
MGSA, respectively, indicating that both peptides interacted 
with NAP-l/IL-8 receptors. Also, the residual binding of ,2 *I- 
NAP-1/1L-8 (approximately 25% and 40% for gro/MGSA and 
NAP-2 preincubated cells, respectively) suggests that a sig- 
nificant proportion of NAP-l/IL-8 receptors did not interact 
with NAP-2 or gro/MGSA with high affinity or that the two 
homologous ligands dissociated from these binding sites at a 
fast off-rate. 

The ability of NAP-l/IL-8, NAP-2, or gro/MGSA to com- 
pete with m I-NAP-l/IL-8 for binding to human neutrophils 
was further investigated by cold ligand titration studies. In- 
creasing concentrations of NAP-l/IL-8 competed with 1 nM 
iodinated ligand for binding and led to a sigmoidal decrease 
of the fraction of receptors occupied by 1 "I- NAP-l/IL-8 (Fig. 
4). As in Fig. 2, the data were best fitted to a one-binding site 
model (28). In three independent experiments using different 
preparations of l2b l- NAP-l/IL-8, the number of binding sites 
per cell (62,000 ± 14,000) and the K d (0.24 ± 0.1 nM) obtained 
were in full agreement with the values from the 126 I-NAP-1/ 
IL-8 binding studies (Fig. 2). 

As expected from the data shown in Fig. 3, NAP-2 and groj 
MGSA also competed with iodinated NAP-l/IL-8 for binding 
to neutrophils. However, in contrast to NAP-l/IL-8, the 
competition curves for the related peptides were not sigmoidal 
(Fig. 4). Already at concentrations as low as 30 pM NAP-2 
and gro/MGSA were able to compete with iodinated NAP-1/ 
IL-8 for binding, indicating that both ligands interacted with 
high affinity with part of the receptors for NAP-l/IL-8. With 
increasing concentrations the competition became less effi- 
cient, and even 1 NAP-2 or gro/MGSA, in contrast to 
NAP-l/IL-8, did not displace 1 nM I36 I -NAP-l/IL-8 com- 
pletely. Apparently, a sizable fraction of the receptors for 
NAP-l/IL-8 bound NAP-2 and gro/MGSA with low affinity. 
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Fig. 4. Cold ligand competition of '"I-NAP- l/IL-8 binding 
to human neutrophils. 2 X 10' cells were incubated at 0-4 "C for 
90 min with 1 nM i26 I-NAP-l/IL-8 in the presence of increasing 
concentrations of unlabeled NAP- l/IL-8 (O), NAP-2 (□), or gro/ 
MGSA (A) and further processed as described under "Materials and 
Methods." Fractions (%) of sites bound with iodinated NAP- l/IL-8 
were determined, and the respective binding parameters calculated 
exactly as described in the legend to Fig. 2. Each point is the mean 
of duplicate measurements. The results are representative of three 
independent experiments. 

In contrast to NAP- l/IL-8, the competition binding data for 
NAP-2 and gro /MGSA could not be fitted by a one -binding 
site model (28). These results suggest that the NAP- l/IL-8 
receptors consist of two separate classes of binding sites, 
distinguishable by their different affinities for NAP-2 and 
gro/MGSA. Fitting of the data from three separate experi- 
ments to a two -binding site model revealed that 70 ± 5% of 
the NAP-l/IL-8 receptors had high affinity for NAP-2 (0.34 
± 0.20 nM) and gro/MGSA (0.14 ± 0.02 nM), while 30 ± 5% 
were of low affinity (100 ± 20 nM for NAP-2 and 130 ± 10 
nM for gro/MGSA). CTAP-III, the precursor of NAP-2 (12, 
13), platelet factor 4 (30), and the potent chemotactic peptide 
fMLP (31) were also tested for inhibition of I25 I-NAP- l/IL-8 
binding to human neutrophils. As shown in Fig. 5, at 1000- 
fold molar excess CTAP-III inhibited the binding by approx- 
imately 30%, an effect that is most likely due to its structural 
similarity to NAP-2. By contrast, neither platelet factor 4 nor 
fMLP were inhibitory. 

Cross-Unking Studies— Cross- linking of 125 I-NAP-l/IL-8 to 
neutrophil cell surface proteins led to the labeling of two 
proteins with apparent molecular mass of 66-74 (p70) and 
42-46 (p44) kDa, after deduction of 8 kDa for the mass of 
NAP-l/IL-8 (Fig. 6). Virtually identical results were obtained 
when the cross- linking agent disuccinimidyl suberate was 
substituted for glutar aldehyde (data not shown). Cross-link- 
ing of iodinated NAP-l/IL-8 to both proteins was diminished 
in the presence of an excess of unlabeled NAP-l/IL-8, NAP- 
2, or gro/MGSA. In contrast to NAP-l/IL-8, however, NAP- 
2 and gro/MGSA did not fully prevent the labeling of p70 and 
p44, as revealed by prolonged exposure of the autoradiograms 
(data not shown). This finding was confirmed by experiments 
using the unlabeled ligands at 4-, 16, or 64 -fold molar excess. 
At lower concentrations, NAP-2 or gro/MGSA were consid- 
erably less effective than NAP-l/IL-8 in preventing the cross- 
linking of 1M I-NAP-l/IL-8 to p70 and p44 (Fig. 7). 

Cross -desensitization — A transient rise in cytosolic free cal- 
cium ([Ca* + ],) is an early event in signal transduction during 
activation of human neutrophils with chemotactic agonists 
including NAP-l/IL-8, NAP-2, and *ro/MGSA (13, 14, 20, 
32). As shown in Fig. 8, a-c, stimulation of the cells with 
maximum effective peptide concentrations (0.1 NAP-1/ 
IL-8 and gro/MGSA, and 1.0 fiM NAP-2) did not prevent 
responses to subsequent stimulation with the unrelated ago- 
nist, fMLP. By contrast, the second response was abolished 
or profoundly attenuated after repeated stimulation with the 
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Fig. 8. Desensitization of human neutrophils by NAP- 1/IL- 
8, NAP-2, and ^ro/MGSA. [Ca'^J, changes, expressed as changes 
in percent Fura-2 saturation, were measured during sequential stim- 
ulations with agonists at 1-min time intervals, a-c), cells were first 
stimulated with NAP-l/IL-8 (a), NAP-2 (b), or gro/MGSA (c), 
followed by a second stimulation with fMLP; d-f), repeated stimu- 
lation with the same agonist, NAP-l/IL-8 (d), NAP-2 (e), or gro/ 
MGSA (f); g and h, first stimulation with NAP-l/IL-8 and second 
stimulation with NAP-2 (g) or gro/MGSA (h); i and At, firet stimu- 
lation with NAP-2 (0 or gro/MGSA (k) and second stimulation with 
NAP-l/IL-8. 
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Fig. 9. NAP- l/IL-8- Induced desensitization of human neu- 
trophils toward gro/MGSA. The experiments were performed as 
described in the legend to Fig. 8. The cells were stimulated with 0.1, 
1.0, 10, and 100 nM NAP-l/IL-8 (a-d), followed by second additions 
of 100 nM £ro/MGSA. 

same agonist as shown for NAP-l/IL-8, NAP-2, and gro/ 
MGSA (Fig. 8, d-f I The responses to NAP-2 and gro/MGSA 
were also abrogated after stimulation of the cells with NAP- 
l/IL-8, indicating that the latter agonist desensitized the cells 
toward NAP-2 and gro/MGSA (Fig. 8, g-h). In the reverse 
experiment, however, presti mutation with either NAP-2 or 
gro/MGSA merely led to a slight reduction in the response to 
NAP-l/IL-8 (Fig. 8, i and k). Even at 100-fold molar excess 
NAP-2 or gro/MGSA did not markedly desensitize the cells 
toward NAP-l/IL-8 (data not shown). Fig. 9 illustrates the 
concentration dependence of the desensitizing effect of NAP- 
l/IL-8. The response to 100 nM gro/MGSA was not affected 
after stimulation with 0.1 or 1 nM NAP-l/IL-8, but was 
reduced with 10 nM and abolished with 100 nM NAP-l/IL-8, 
respectively. Similar results were obtained using NAP-2 in- 
stead of gro/MGSA as the second stimulus (data not shown). 
Interestingly, the potency of NAP-l/IL-8 in desensitizing the 
cells to subsequent stimulations with NAP-2 or gro/MGSA 
(Fig. 9) seems to correlate with the degree of inhibition of 
receptor binding at higher competing ligand concentrations 
(Fig. 4). It should be noted, however, that a quantitative 
comparative analysis of the results from these two kinds of 
experiments is problematic since mobilization of cytosolic 
free calcium is not only a function of the number of free 
receptors, as determined under steady- state conditions, but 
also of the rate of ligand binding or (at high ligand concentra- 
tions) of rate-limiting steps in signal transduction. 

DISCUSSION 

In agreement with a recent report (27), our studies with 
iodinated NAP-l/IL-8 revealed a single class of binding sites 
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with approximately 64,000 sites/cell and an apparent Kt of 
approximately 0.2 nM. However, our binding data do not 
exclude with certainty the existence of a low number <<500) 
of additional high affinity NAP-l/IL-8 receptors. Especially 
at low ligand concentrations small errors (±5%) in the exper- 
imentally determined binding capacities (33) of iodinated 
ligand preparations drastically affect the analyses of binding 
data. Results showing a relatively large number of additional 
high affinity binding sites (5200 sites/cell), as previously 
reported (26), are probably a consequence of difficulties in 
interpreting binding data by Scatchard analysis (34). 

NAP-2 and gro/MGSA (which do not contain tyrosine 
residues) were studied for competition with binding of iodi- 
nated NAP-l/IL-8 to human neutrophils. Both ligands inter- 
fered with ia6 I -NAP-l/IL-8 binding, and analysis of the com- 
petition binding data indicated the existence of at least two 
classes of binding sites with high and low affinity for each of 
the two cytokines. These results suggest that NAP-l/IL-8 is 
also recognized by at least two distinct species of binding 
sites. And it must be assumed that the apparent of ap- 
proximately 0.2 nM, as determined by I26 I- NAP-l/IL-8 bind- 
ing experiments, represents an intermediate value for two 
distinct populations of binding sites with similar affinities for 
NAP-l/IL-8. Based on the fact that these sites bound NAP- 
2 and ^ro/MGSA, in contrast to NAP-l/IL-8, with affinities 
differing by several orders of magnitude we postulate that 
they represent two distinct receptor species. Similar findings 
were recently obtained for TNFs. Binding studies indicated 
the presence of a single class of binding sites, and competition 
binding analysis revealed that TNFa and TNF0, which share 
about 30% sequence homology, interact with the same cellular 
binding sites. Yet, two distinct receptor species were recently 
identified on monocytes and related cell lines which bind both 
TNF« and TNF/J (35-40). 

Cross-linking experiments revealed two proteins (p44 and 
p70) that became labeled with 125 I-NAP-l/IL-8. Labeling was 
markedly reduced in the presence of excess NAP-2 or gro/ 
MGSA, indicating that both peptides interacted with recep- 
tors) for NAP-l/IL-8. It is tempting to speculate that p44 
and p70 represent the two distinct receptors for the three 
related cytokines. The observed difference in Labeling inten- 
sity of the two proteins appears to correlate with the relative 
numbers of the two types of receptors. The occurrence of two 
1J *I-NAP-l/IL-8-labeled bands is in agreement with the re- 
sults of Samanta et al. (24), but not with those of Grob et al. 
(27), who reported a single NAP-l/IL-8-binding protein of 58 
kDa. Although several protease inhibitors were included dur- 
ing sample preparation, the generation of two binding species 
by partial proteolysis cannot be excluded, as documented by 
other studies (41). 

Further evidence for the presence, on human neutrophils, 
of more than one receptor for NAP-2 and gro/MGSA with 
affinities differing by several orders of magnitude comes from 
functional studies. Stimulation with NAP-2 or gro/MGSA did 
not markedly affect the responsiveness of neutrophils to the 
subsequent stimulation with NAP-l/IL-8. It is possible that 
the receptors with low affinity for NAP-2 and gro/MGSA 
may not be saturated under these conditions, or that NAP-1/ 
IL-8 can displace NAP-2 or gro/MGSA from those receptors 
to which they bind with low affinity. The converse experiment 
shows that prestimulation with NAP-l/IL-8 renders the cells 
unresponsive to either NAP-2 or gro/MGSA. Through its 
high affinity for both receptors, NAP- l/IL-8 could completely 
prevent the binding of subsequently added NAP-2 or gro/ 
MGSA. Alternatively, desenaitization could result from 
"cross -talk" between the two receptors. This type of inhibition 



has been described in Swiss 3T3 cells, where stimulation with 
platelet -derived growth factor resulted in decreased affinity 
of the epidermal growth factor receptor for its ligand (42). 
These effects were observed at low ligand concentrations, 
however, in contrast to the desensitization caused in neutro- 
phils by NAP-l/IL-8. 

The common receptor system proposed here suggests that 
in the recruitment of neutrophils at sites of inflammation and 
disturbed tissue homeostasis NAP-l/IL-8, NAP-2, and gro/ 
MGSA may synergize with unrelated chemotactic agonists, 
but not with each other. 
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Ovarian cancer typically disseminates widely in the 
abdomen, a characteristic that limits curative therapy. 
The mechanisms that promote ovarian cancer cell mi- 
gration are incompletely understood. We studied model 
SK-OV-3 ovarian cancer cells and observed robust ex- 
pression of the a. chemokine receptors CXCR-1 and 
CXCR-2. Interleukin-8 (IL-8> treatment caused shape 
changes in the cells, with membrane ruffling and forma- 
tion/retraction of thin actin-like projections, as detected 
by time -lapse microscopy. Stimulation of the CXCR-1/2 
receptors by human interleukin 8 (IL-8) rapidly acti- 
vated the p44/42 mitogen-activated protein (extracellu- 
lar signal -regulated kinase {Erkl/2)> kinase pathway. 
Treatment of SK-OV-3 cells with the inhibitors genestein 
and herbimycin A indicated that tyrosine kinases were 
involved in the IL-8 activation of Erkl and Erk2. Of note, 
IL-8 induced transient phosphorylation of the epider- 
mal growth factor (EGF) receptor and its association 
with the adaptor molecules She and Grb2. This transac- 
tivation of the EGF 1 receptor was dependent on intracel- 
lular Ca 2 * mobilization. Furthermore AG 1478, a specific 
inhibitor of the EGF receptor kinase, blocked Erkl and 
Erk2 activation. c-Src kinase was not involved in the 
IL-8 -media ted phosphorylation of the EGF receptor, but 
was critical for She phosphorylation and downstream 
Erkl/2 kinase activation. These results suggest impor- 
tant "cross-talk" between chemokine and growth factor 
pathways that may link signals of cell migration and 
proliferation in ovarian cancer. 



The rapid spread of ovarian cancer to distant organs within 
the abdomen contributes to its morbidity and mortality in 
affected women. The movement and proliferation of the cancer 
cells may be regulated in an autocrine or paracrine fashion by 
protein factors present in the peritoneal fluid. Although the 
effects of growth factors like epidermal growth factor (EGF), 1 
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basic fibroblast growth factor, transforming growth factor a, 
hepatocyte growth factor, and platelet -derived growth factor on 
ovarian cancer cell migration and growth have been character- 
ized (1—3), there is scant information on chemokine signaling 
mechanisms in this tumor type. 

Chemokines have pleiotropic biological effects. They are well 
known to regulate the recruitment and trafficking of leukocytes 
to sites of inflammation. The a chemokine interleukin-8 (IL-8> 
also has been reported to promote tumor cell growth {4, 51. It 
can induce migration of melanoma and breast carcinoma cells 
(6, 7) and stimulate angiogenesis (S,». Despite the prominent 
migratory behavior of ovarian cancer, no report to our knowl- 
edge has investigated which chemokine receptors and/or li- 
gands may be involved in this phenomenon. 

Chemotactic and growth signals initiated by chemokines 
belonging to a (-CXC), 0 (-CC), y <-C), and ^ <-CX 3 C) subfamilies 
are all transduced by the activation of heptahelical G protein- 
coupled receptors (9). The heterotrimeric G TP -binding proteins 
involved are members of the pertussis toxin- sensitive G, and 
-insensitive G q families. Both the Go- subunits from the G q 
class and the G0y subunit complex released from G 1 are in- 
volved in chemokine -induced signaling (10). The activation of 
these G protein subunits by agonist -bound receptors triggers a 
typical signal transduction pathway involving activation of 
phospholipase C f) isoforcns. This results in the generation of 
diacylgl3 r cerol and inositol 1,4,5-trisphosphate with a subse- 
quent increase in protein kinase C (PKO activity and intracel- 
lular Ca^ * mobilization (10, 11). In addition, although chemo- 
kine receptors lack tyrosine kinase activity, they can stimulate 
the phosphorylation of cytoskeletal proteins, p!30 Cas and 
paxillin (12), induce the activation of the related adhesion focal 
tyrosine kinase (also known as Pyk2 or CAK/3; 13), mitogen- 
activated protein kinases (Erkl/2, p38, and c-Jun kinase; 11, 
13), phosphatidy linos itol 3-kinase (11), and Janus kinase 2 
(14). 

p44/42 MAP kinases, also termed extracellular signal-regu- 
lated kinases 'Erkl and Erk2), are important mediators of 
growth and other signals from cell surface receptors to the 
nucleus {15, 1G). Because most of the G protein-coupled recep- 
tors (GPCR) can activate a variety of effector pathways via 
various G protein subunits, considerable heterogeneity exists 
in the signaling pathways leadmg to Erkl/2 phosphorylation 
and the subsequent activation of transcription factors (17-22). 
An important step in the Ras/MAP kinase pathway is the 
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formation of a S>h.c-Grb2.son-of-sevenless (23) or Grb2.5on.-c/- 
sevenless (24) complex. Recently, several reports have shown 
that following GPCR ligation by agonists like lysophosphatidic 
acid (LPA), bradykinin, angiotensin II, and UTP. the formation 
of this complex is mediated by EGF and platelet -derived 
growth factor receptor kinases (25-30} as well as by cytoplas- 
mic Pyk2/related adhesion focal tyrosine kinase and Src family 
kinases (31— 34). However, no information on whether chemo- 
kines utilize similar mechanisms of cross-talk has been 
presented. 

With this background, we examined ovarian cancer cells and 
found robust expression of the IL-S-specific receptors CXCR-1 
and CXCR-2. Stimulation of these cells with recombinant hu- 
man IL-8 resulted in the rapid activation of p44/42 MAP ki- 
nases (Erkl/2). Furthermore, we found that the EGF receptor 
and c-Src participated in the transduction of GPCR -mediated 
IL-8 signals, indicating a newly observed link between G pro- 
tein-coupled chemokine receptor activation and tyrosine ki- 
nases believed important in ovarian cancer cell proliferation. 

EXPERIMENTAL PROCEDL" RES 

Chemicals and Reagents Were Obtained from the Follnunng 
Sources-- -McCoy's 5 A medium, fetal bovine serum tFBS>. t,-glutamine, 
and pen icillin -streptomycin were from Lift; Technologies Inc.; protease 
inhibitors (phenyl methyl sulfonyt fluoride, aprotinin, trypsin inhibitor, 
leupeptin). phorbol 12-myristate 13-acetate (PMA), and pertussis toxin 
(PTX) were from Sigma; genestein. herbhnycin A, tyrphostin AG 1 47b, 
Src family tyrosine kinase inhibitor PP1 T and the calcium ionophore 
A23167 were from Calbiochem; myelin basic protein (MBP) was from 
Upstate Biotechnology (Lake Placid, NY); recombinant human IL-8, 
tumor necrosis factor (TNF-a), and EGF were from R&D Systems 
(Minneapolis, MN); glutathione 5- transferase (GST) amino acid resi- 
dues 1 218, full-length GST*Grb2 (amino acids 1 -217) fusion protein, 
GST. normal rabbit and mouse IgO and mouse IgG conjugated with 
fluorescein isothiocyanate were all procured Iron) Santa Cruz Biotech- 
nology (Santa Cruz, CA). The Dc protein assay kit and nitrocellulose 
transfer membrane were from Bio-Rad, and the enhanced cheinil lumi- 
nescence (ECL) detection system, donkey anti-rabbit and sheep anti- 
inouse IgG conjugated to horseradish peroxidase, protein A and Gamma 
Bind plus Sepharose and Glutathjone-Sepharose 4B were from Amer- 
sham Pharmacia Biotech. 

Antibodies and Th-:ir Specificities — Mouse monoclonal antibody to 
human interleukin-8 receptor A (llv-8RA or CXCR-1) conjugated with 
phycoerythrin iPE) and PE-mouse IgG2b isotype control were from 
PharMingen (San Diego. CA), and monoclonal anti-IL-8RB (CXCR-2) 
was a gift from LeukoSite, Inc. (Cambridge, MA). Monoclonal antibody 
from San tii Cruz (sc-]20, 528) raised against the cell surface epitope of 
the human EGF receptor (EGFR) was used for iinmunoprecipitations, 
and rabbit anti-EGFR (sc-03, 1005) with an epitope mapping at resi- 
dues 1005 1016 of the precursor form of EGFR i human origin) was 
used for Western blotting. Rabbit polyclonal antibodies to Erki <sc-93, 
C - 16) and Erk2 (sc- 154, C - 14) with epitopes corresponding to an amino 
acid sequence mapping at the carboxyl terminus of Erk 1- encoded MAP 
kinase p44 and Erk2-encoded MAP kinase p42 of rat origin were used 
in the in vitro kinase assays. Rabbit polyclonal antibodies to human She 
(06-203; Upstate Biotechnology) corresponding to amino acids 366- 
473 and monoclonal anti-She antibody fsc-967) corresponding to amino 
acids 366-473 within the SH2 domain of She (human origin) were used 
for immunoprecipitation and Western blotting, respectively. For aiiti- 
phosphotyrosine Western blot analysis, a combination of PY99 (s<--7020. 
dilution 1:1000) and 4C 10 (a gift from Dr. B. Druker, Oregon Health 
Sciences University, Portland, OR; dilution 1:3000) was used. 

CeLla, Culture Conditions, cuui Stim ulcttwn — SK-OV-3 cells (ATCC, 
TB-77). derived from the malignant ascites of a human ovary adeno- 
carcinoma, were maintained in McCoy's 5A medium supplemented with 
10% FBS, 1.5 mM L-glutamine, and 20 HJ/ml penicillin -streptomycin at 
37 °C in humidified 5% CO- atmosphere. Prior to stimulation, the cells 
were serum -starved for 24 h. Stimulation occurred at 37 "C with U.-rt 
(100 ng/ml) or EGF (10 ng/ml> as specified in the figures. 

Flow Cytometric Analysts — Cells were det ached from the substratum 
with 2 mw EDTA/Dulbecco's PBS (minus Ca^ and Mg*'). They were 
washed twice with D-PRS and resuspended at 3 X 10 6 eel Is/0. 5 ml and 
then incubated on ice for 30 min with primary antibody (anti-human 
IL-8R A conjugated with PE or with PE-conjugated mouse IgG2b iso 
type control). Cells were screened for the expression of IL 8RB by 



incubation on ice for 30 min with monoclonal IL-8RB primary antibody, 
washed, and then incubated for another 30 min on ice with the second- 
ary antibody (goal anti-mouse igC laivled with fiuuresieiii isothiocya- 
nate) Normal mouse IgG was used ;ts the control. Alter the final 
incubation, cell;* were washed twice with D-PBS and analyzed imme- 
diately on a Becton Dickinson FACSCAN driven by Cell Quest software 
^Beth Israel Deaconess Medical Center, Boston, MA). 

Chsmokirie Scc/vf ><'/■!— Cells M - 10 F 'f plated in 12- well platen were 
allowed to grow to 809r confluent^ and then were serum-starved tor 
24 h. Quiescent celts were then inenbafed for •> h in .serum-free medium 
or medium containing fetal bovine serum ur TNF-u. Culture medium 
was cleared by cen trifugation at 2000 rpm and A "C to remove debris. 
fL-8 secreted into the culture medium was quant ifated using the hu- 
man IL-8 enzyme-linked immunosorbent ass.iy kit obtained from En- 
doge n I Wo burn, MA). 

Time -lapse Video \{:ci(.scopy The effect of 11.-8 on the morphology 
of SK-OV-3 cells was monitored using time-lapse video microscopy. 
Cells were detached from the substratum with 2 mM EDTA/D-PBS 
(minus Cm** and Mg^'h and washed twice with McCoy's 5A medium. 
Before the start of the experiment, cells ( 1 X It)" } were cultured in 35 X 
1U mm tissue culture plates (Becton Dickinson Labware' in serum-free 
McCoy's 5A medium for 18 h in a humidified 37 °C incubator with 5ft 
C0 2 . The cells were then observed via time lapse video microscopy in a 
37 °C and 59f- CO a controlled chamber, and 12 h later they were stim- 
ulated with IL-8 (50 ng/ml). Changes in cell morphology were examined 
using an Olympus LX70 inverted microscope. Omega temperature con- 
trol device. Optronics Engineering DE 1-750 3CCD digital video cam- 
era, and Sony SVT-S3100 time-lapse S-VHS video recorder. Eor image 
presentation, video images were captured and printed with the Sony 
Color Video Printer UP-5600MD. 

Immunoprecipitution and Immunoblotting — After stimulation, 
monolayers were washed with ice -wild D-PBS and iysed in chilled 
radioimmune precipitation buffer (50 him Tris-HCl, pH 7.6, lot) mM 
NaCl. \% Nonidel P-40. 1 mM Na,V0 4 . 1 mM NaF. I mM sodium 
pyrophosphate. 1 rnM phenylmelhylsulfonj'l fluoride, 1 ;tg/ml aprotiuin. 
1 ju,g/rnl leupeptin, 1 jug/ml trypsin inhibitor, 1 ;j.g/ml pepstatin). Cell 
lysates were cleared by eentrifugation at 13,000 rpm. and protein con- 
centration was determined using a Dc protein assay kit (Bio-Rad). For 
immunoprecipitations, 1 nil of cell lysates (0,5 to 1.0 mg/ml protein) was 
incubated at 4 "C for I 2 h with the appropriate primary antibodies. 
The immune complexes absorbed to protein A or Gamma Bind plus 
Seph arose were washed thrice- with chilled lysis buffer, once with D- 
PBS. and then eluted with 2x Laemmli SDS sample buffer. When GST 
fusion proteins were used in immunoprecipitations. glutathione-Sepha- 
rose 4B was employed to adsorb the immune complexes. The immuno 
precipitated proteins were resolved by SDS -poly aery lam id e gel electro- 
phoresis and transferred onto nitrocellulose membranes (Bio-Rad). The 
membranes were blocked for 1 h at room temperature in 5% milk 
prepared in Tris-buffered saline- T (10 mM Tris-HCl, pH 7.5, 150 mM 
NaCI, 0.1^- Tween 20) and probed for 1-2 h at room temperature or 
overnight at 4 "C with the appropriate antibodies diluted in blocking 
buffer. The membranes were washed and incubated with the appropri- 
ate horseradish peroxidase-conjugated secondary antibody diluted in 
Tris-bufi'ered saline-T for 1 h at room temperature. The immune com- 
plexes on the washed membranes were visualized using ECL reagents. 

la Vitro Kina&e Asmty — MAP kinase activity was determined follow- 
ing imrnunoprecipitation using MBP as sutwtrate. Serum -starved cells 
pretreated with vehicle or specific inhibitors were stimulated with IL-8 
or EGF. as indicated in the figures. Cells were Iysed in lysis buffer and 
clarified at 15,000 X g for 15 min. and then 100 -500 ^g of protein was 
immurioprecipitated with 1 fig each of anti Erkl and Erk 2. After 4 h at 
4 "C, the immune complexes were absorl>ed to protein A-Sepharose. 
After overnight rocking at 4 'C. the beads were washed thrice wit h lysis 
buffer containing protease inhibitors and twice with kinase buffer (20 
mM Hopes, pi I 7.4, 10 mM MgCl.^, 3 mM ^ mercaptoethanol). Phospho- 
rylation of MBP was carried out at room temperature for 30 min in u 
total volume of 25 m1 by the addition of a mixture containing 5-7 fig of 
MBP, 5 mCi of h- J2 PlATP. and 20 ( xM ATP to the Erkl/2 immunopre 
cipitates. The reaction wai.- terminated by the addition of 4X Laemmli 
SDS buffer. 3a P-labeled MBP was resolved on IW SDS- poly aery hunide 
gel electrophoresis. 

RESULTS 

Cell Surface Expression of CXCR-1 and CXCR-2 Receptors— 
SK-OV-3 ovarian cancer cells were screened for cell surface 
expression of chemokine receptors by fluorescence-activated 
cell sorter analysis. Only cells incubated with monoclonal anti- 
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FlCj. 1. Analysis of cell surface ex- 
pression of CXCR-1 (A) and CXCR-2 
iB) l»y flow cytometry. The results are 
shown as fluorescence histograms repre- 
senting ehemokine receptor expression 
ilmei and isotyp* 1 IgG control {solid.). 





human IL-8RA (CXCR-1) antibody conjugated with PE or anti- 
iL-8RB C CXCR-2) primary antibody followed by staining with 
fluorescein isothiocyanate-labeled secondary antibody dis- 
played a shift in fluorescence intensity (Fig. IV Tins confirmed 
the expression of or chemokine TL-8-specific receptors, CXCR-1 
and CXCR-2. 

Secretion of IL-8 Protein — Secretion of IL-8 protein by vari- 
ous cell lines in the absence or presence of cytokines like 
TNF-a, IL-la, and -p has been reported (4, 35, 36). To deter- 
mine if SK-OV-3 cells produced IL-8 protein, monolayers of 
quiescent cells were stimulated for 6 h with medium alone or 
medium containing varying concentrations of FBS or TNF-a 
(20 ng/mU. A dose-dependent increase in the release of IL-S was 
detected in response to FBS by enzyme-linked immunosorbent 
assay. At z>% FBS, approximately 1 ng/ml of IL-8 was detected; 
controls without serum yielded 0.1 ng/ml, and TNF-or stimula- 
tion yielded 1.2 ng/ml (data not shown). 

IL-8 Induces Morphological Changes in SK-OV-3 Cells — 
Cheroot act ically stimulated myeloid cells, neutrophils, and 
breast cancer carcinoma cell lines undergo transient cytoskel- 
etal rearrangements that lead to morphological alterations, 
ultimately resulting in cell migration (7, 37, 38). Similarly, 
SK-OV-3 cells, as shown in Fig. 2. E-H, displayed increased 
membrane ruffling and altered membrane protrusions in re- 
sponse to IL-8 as determined by time-lapse video microscopy. 
As seen ui Fig. 2, A-D, untreated SK-OV-3 cells had little 
membrane ruffling and minimal actin protrusions. When IL-8 
was added to the cells, increased membrane ruffling and the 
formation/retraction of thin actin-like projections were readily 
apparent (Fig. 2, E-H). The form ation/retr action of thin actin- 
like projections was observed in at least 7h% of the cells over an 
18-h time period. 

Stimulation of CXCR-1 and CXCR-2 Receptors Leads to the 
Activation of MAP Kinase — IL-8 signals are transduced by the 
heterotrimeric G protein-coupled receptors CXCR-1 and 



CXCR-2. It is well documented that signals relayed by various 
GPCRs result in the activation of MAP kinases Erkl and Erk2 
(15, 18, 39). To examine the effect of IL-8 on MAP kinase 
activation, lysates from SK-OV-3 cells treated with IL-8 (100 
ng/ml) were immunoprecipitated with anti-Erkl and Erk2- 
specific antibodies and subjected to an in vitro kinase assay. 
The activation of these MAP kinases was assessed by the 
extent of phosphorylation of the substrate, MBP. Maximum 
activation was observed between 1 and 2 min, and leveled off by 
10 min (Fig. 3A). 

Depending on the G protein sub units involved, a variety of 
effectors can be activated that result in multiple signaling 
pathways We therefore mapped pathways leading to Erkl/2 
activation in SK-OV-3 cells in response to IL-8 stimulation. 
Pretreatment of cells with PTX (100 ng/ml) or tyrosine kinase- 
specific inhibitors genestein (20 fiM) and herbimycin A (1 fXM) or 
down -regulation of PKC by prolonged exposure to phorbol 12- 
myristate 13-acetnte (100 n\u each had a significant effect on 
reducing enzyme activity i'Fig 'SB). This suggested the involve- 
ment of tyrosine kinases in CXCR-1 and CXCR-2 mediated 
signaling in these cells. 

IL-8 Induces Association of the Phosphorylated EGF Receptor 
with She and Grb2 — Activation of the Ras-dependent MAP 
kinase signaling pathway by receptor tyrosine kinases involves 
the recruitment of a Grb2. son of-sevenless complex to the 
plasma membrane, either directly or indirectly by its associa- 
tion with phosphorylated She (24. 25, 34. 40, 41). To address 
whether these cytosolic adaptor molecules participated in the 
transduction of IL-8 signals, interacting proteins from cell ly- 
sates treated with IL-8 (100 ng/ml) or EGF (10 ng/ml) were 
immunoprecipitated with a full -length GST-Grb2 fusion pro- 
tein. IL-8 treatment induced phosphorylation of a number of 
cellular proteins and their association with GST-Grb2 (Fig. 4). 
Of these Grb2-associating proteins, the 170-kDa molecule 
was identified as the EGF receptor and the 46-, 52-, and 66-kDa 
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F'.c. 2. Time-lapse video micros* 
copy of unstimulated and I L- 8- stimu- 
lated SK-OV-3 cells. As described under 
"Experimental Procedures," SK-OV-3 
cells were observed over a 12-h period of 
time, and approximately 'A-Xi time points 
are shown iA-D). Cells were later stimu- 
lated with IL-6 (50 ngVmh. and a^ain 3-h 
time point intervals are shown (15-//). The 
long ac tin like projections , which are 
readily formed and retracted in response 
to are indicated by arrowheads. 
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proteins as the isoforms of She. Although the phosphorylation 
and association of the 46 and 52 kDa forms of She were tran- 
sient, occurring as early as 1 min, the phosphorylation of p66 
was much weaker and sustained over a 30 -min period, 

Inhibition of EGF Receptor Autophosphorylation Blocks 
CXCR- 1 1 2 -mediated Mitogen-activated Protein Kinase Activa- 
tion — The EGF receptor is one of the protein-tyro sine kinases 
that has been implicated in transducing signals initiated by 
GPCR- specific agonists like angiotensin II, LPA, and bombesin 
(25-27). To determine if the EGF receptor plays a role in 
CXCR-l/2-inediated signaling in ovarian cancer cells, lysates 
from cells stimulated with IL-S (100 ng/ml) or EGF (10 ng/ml) 
were immunoprecipitated with a monoclonal anti-EGFR anti- 
body. Western blot analysis of the immunoprecipitated pro- 
teins clearly showed the phosphorylation of a 170-kDa protein. 
Transactivation of the EGFR was rapid, reaching a maximum 
by 2 min (Fig. 5). The specificity of this rapid phosphorylation 
was further confirmed by pretreating cells with the EGF recep- 
tor kinase-specific inhibitor, tyrphostin AG 1478. Incubation of 
cells with AG 1478 (250 iim) for 30 min prior to stimulation with 
IL-8 or EGF significantly reduced the activation of the EGF 
receptor (Fig. 5). 

Tyrphostin AG1478, the inhibitor of EGF receptor autophos- 
phorylation, was found to partially block IL-8 or EGF -induced 
downstream signals leading to the activation of MAP kinase 



(Fig. 6, A and B, and 9A). In the control cells, the maximum 
phosphorylation of the MBP substrate occurred at 1 min and 
tapered off by 10 min, whereas in the AG1478-treated cells 
there was a weak but gradual increase in phosphorylation, 
peaking by 10 min. 

IL-8 Induces Calcium-dependent Phosphorylation of the EGF 
Receptor — CXCR-1 and CXCR-2 stimulation activate the phos- 
phatidylinositol-phospholipase C pathway leading to increases 
in intracellular calcium levels (10, 42). We assessed the role of 
Ca' in the IL-8-induced transactivation of the EGF receptor 
by treating the cells with the calcium ionophore, A23187 (10 
jam). A rapid increase in the tyrosyl phosphorylation of the EGF 
receptor kinase was observed (Fig. 7). The intracellular calcium 
chelator l,2-bis(o-aminophenoxy) e th a ne-A r /v r ^V' r W'-tetra ace- 
tic acid tetra (acetoxym ethyl) ester (10 ^m) blocked this phos- 
phorylation, whereas the extracellular calcium chelator EGTA 
(5 mM; had no effect on the extent of phosphorylation (data not 
shown). This indicated that the transactivation of the receptor 
tyrosine kinase was mediated by intracellular calcium 
mobilization. 

Role ofc-Src Kinase in IL 8 induced EGFR Phosphorylation 
and MAP Kinase Activation - Recent studies indicate that non- 
receptor tyrosine kinases of the c-Src family are involved in 
GPCR-mediated Ras/MAP kinase activation. Src kinases par- 
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Fig. 3. A. lL-8-induced MAP kinase activation. Quiescent SK-OV-3 
tells were stimulated with IL-8 (100 ng/nd) at 37 "C for the indicated 
periods of time. After lysis, endogenous Erk] and Erk2 were imiiumo- 
precipitated (IP) with the indicated antibodies or with control antibody 
(N IgG). Immune complexes were analyzed for MAP kinase activity by 
in vitro kinase assay as described under "Experimental Procedures." B, 
effect of signaling inhibitors on IL-S-induced MAP kinase activation. 
Quiescent SK-OV-3 cells were treated at 37 "C with 100 ng/mf PTX (24 
h), 100 nM PMA (24 h), 20 (iM genestein (30 min). or 1 herbimycin A 
(20 h), Ailer lysis, endogenous MAP kinases F>kl and Erk2 were 
immunaprecipitated (IP) with the indicated antibodies or with control 
a /] ti body (/V IgG). immune complexes were analyzed tor MAP kinase 
activity by in vitro kinase assay as described under "Experimental 
Proced ures . ' DMSO , Me^O. 
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Fid. 5. Effect of tyrphostin AG1478 on LL-8- or EGF-induced 
phosphorylation of the EGF receptor. Quiescent SK-OV-3 cells 
wf-re pretreated at 37 "C with M^SO iDMSO, vehicle or 250 nM 
AG 1478 for 30 min prior to stimulation with I L-S ( 100 ng/ml) or EGF 
(10 ng/ml). EGFR was immunoprecipitated with monoclonal anti-KGFR 
antibody. Tyrosyl-phosphorylated EGFR was detected by i mm u nob lot 
ting </fl) with a mixture of anti-phosphotyrosine monoclonal antibodies 
tciPY). The amount, of EGFR in the in imunoprecipi tales was assessed by 
reprobing the blot with anti-EGFR polyclonal antibody. 
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Fig. 4. Phosphorylation and association of the EGF receptor 
and She to the GST Grb2 fusion protein in response to IL-8 or 
EGF stimulation. Quiescent SK-OV-3 cells were stimulated at 37 "C 
with IL 8 (100 ng/ml) or EGF (10 ng/ml) for the indicated periods of 
time. Afler lysis, Grb2-associ»ted proteins were immunoprecipitated 
{IP) with 30 ng of full-length GSTGrb2 fusion protein or GST alone, and 
the inunufje complexes were adsorbed to glutathione-Sepharose 4B. 
The associated proteins were resolved by SDS-polyacrylamide gel elec- 
trophoresis and immunoblotted (IB) with a mixture of anti-phosphoty- 
rosine monoclonal antibodies (clPY), anti-EGFR polyclonal, and anti- 
She monoclonal antibodies as indicated. 

ticipate by phosphorylating two important substrates, She and 
EGFR (26, 34, 43, 44). We therefore treated cells with the Src 
kinase family inhibitor, PPl, prior to exposure to IL-8 We did 
not observe changes in the phosphorylation of EGFR in re- 
sponse to IL-8 under these conditions (Fig. S). This result 
suggests another nonreceptor kinase may contribute to the 
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Fui. fi. A, effect of EGFR tyrosine kinase inhibitor AG 1478 on IL-8 or 
EGF induced phosphorylation of She. Quiescent SK OV-3 cells were 
treated at 37 °C with Me^SO (DMSO. vehicle) or 250 nM AG 1.478 for 30 
min prior to stimulation of cells with IL-S (100 ng/ml) or EGF (10 
rig/ml). She was imrnunoprecipiLated (IP) from cell ly sates with anti-She 
polyclonal antibody. Phosphorylated She and EGFR were detected by 
immunoblotting (IB) with a mixture of anti-phosphotyrosine mono- 
clonal antibodies (aPY). The amounts of She and EGFR in the immu- 
ne precipitates were assessed by reprobing the blot with anti-She mono- 
clonal antibody and anti-EGFR polyclonal antibody. B, effect of 
tyrphostin AG 14 78 on IL- 8- or EGF-induced MAP kinase activation. 
Quiescent SK-OV-3 cells were pretreated with Me^SO (DMSO, vehicle) 
or 250 nM AG 1478 for 30 min at 37 °C prior to stimulation with IL-8 
(100 ng/ml) or EGF 1 10 ng/ml) lor the indicated periods of time. Afler 
lysis, endogenous Erkl and Erk2 were immunoprecipitated (IP) with 
the indicated polyclonal antibodies. Immune complexes were analyzed 
for MAP kinase activity by in vitro kinase assay as described under 
"Experimental Procedures." 

trans activation of EGFR upon IL-8 stimulation in SK-OV-3 
cells. PPl did, however, have an inhibitory effect on the phos- 
phorylation of She protein (Fig. 9A > and on the activation of 
Erkl/2 in response to both IL-8 and EGF (Fig. 9B). 

DISCUSSION 

IL-8 belongs to the a or CXC subfamily of proinflammatory 
chemokines and induces neutrophil chemotaxis, respiratory 
burst, granule release, and increased cell adhesion (45—48). It 
is also produced endogenously by nonliematopoietic cells like 
human melanoma and pancreatic cancer cells and exerts auto- 
crine growth modulating effects (4, 5, 49) IL-8 mediates these 
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Fig. 7. Ca E * ionophore A23 187- induced tyrosine phosphoryla- 
tion of the EGFR. Quiescent SK-OV-3 coll* wore stimulated at 37 "C 
with 10 ^j.m A23187 for the in dueled periods of time. EGFR ra jmmii- 
noprecipitated (IP) from cell lysates with monoclonal an ti EGFR anti- 
body. Normal mouse UjG (A' IgO) was used as the control. Tyrosyt- 
phosphoryiated EGFR was detected by immunoblotting (ID) with a 
mixture of anti-phosphotyrosifie monoclonal antibodies iaPY>. The 
amount of EGFR in tho immunoprocipitatos was assessed by reprobin^ 
the blot with anti-EGFR polyclonal antibody. 
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F;c. 8. Effect of Src tyrosine kinase inhibitor PPl on IL-8- 
induced tvrosine phosphorylation of EGFR- Quiescent SK-OV-3 
cells were treated al 37 *C with Me^O (DMSO, vehicle) or 10 PPl 
for 15 min prior to stimulation of cells with IL-8 ( 100 ng/ml). EGFR was 
irnmunoprecipitated (IP) from cell lysates with monoclonal an ti -EGFR 
antibody. Tyrosyl- phosphorylated EGFR was detected by jmmun obi oi- 
ling </B) with a mixture of anti-phosphotyrosine monoclonal antibodies 
diPY). The amount of EGFR in tho immunoprocipitatos was assessed by 
reprobing the blot with anti-EGFR polyclonal antibody. 

effects by binding to the G protein -coupled CXCR-1 and 
CXCR-2 receptors (50). 

We observed robust expression of the CXCR-1 and CXCR-2 
receptors on SK-OV-3 human ovarian cancer cells (Fig. 1). We 
also detected significant amounts of extracellular IL-8 protein 
in the culture medium. IL-8, a potent neutrophil chemoattrac- 
tant, is known to induce migratory responses in non -hemato- 
poietic cells such as human A2058 melanoma and MCF-7 and 
ZR-75-1 breast cancer cells (7). The mechanisms by which cells 
translocate in response to various factors are complex. The 
migTatorial processes include dissolution of cell surface con- 
tacts, formation of lamellipodia, actin filament fragmentation 
and nucleation, and finally contraction of the actin filament 
network leading to cell movement (51). In the present study, 
exposure to IL-8 caused changes in the shape of the ovarian 
cancer cells with increased membrane ruffling and the forma- 
tion/retraction of thin actin -like projections. This would indi- 
cate that IL-8 potentially may be involved in the cell motility of 
ovarian cancer cells and could contribute to the process of 
metastasis. 

Erks are important mediators of signals from cell surface 
receptors to the nucleus (16, 20). Agonists like hormones, neu- 
ropeptides, and chemokines that activate heterotrimeric G pro- 
teins signal to these MAP kinases (15). It has been reported 
that the IL-8-specific receptors CXCR-1 and CXCR-2, in neu- 
trophils. COS and Jurkat cells, couple to both PTX-sensitive G. 
and -insensitive G q (a 14 and «16) family members and stimu- 
late phosphatidylinositol hydrolysis with increases in intracel- 
lular calcium levels and PKC activity (10. 42, 52). PKC is 
known to mediate activation of MAP kinase both via Ras -de- 
pendent and -independent mechanisms (20, 53, 54). In SK- 
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Fig. 9. A. effect of EGFR and Src tyrosine kinase inhibitors AG 1-178 
and PPl, respectively, on IL-8- or EGF-induced phosphorylation of She. 
Quiescent SK-OV-3 cells were treated at 37 °C with Me,,SO (DMSO. 
vehicle) or 10 jliM PPl for 15 min prior to stimulation of cells with IL 8 
(100 rig/ml) or EGF ( 10 n^/ml). She was miniunopreci piffled (IP* from 
cell lysates with anti-She polyclonal antibody. Phosphorylated She was 
detected by immimoblottm<r (IB) with a mixture of anli-phosphoty- 
rosino monoclonal antibodies vaPY). Tho amount of She in the immu 
noprecipitates was assessed \>y reprobin,^ the blot with anti-She mono- 
clonal antibody. B, effect of Src tyrosine kinase inhibitor PPl on IL-8- or 
EOF- induced MAP kinase activation. Quiescent SK-OV-3 cells were 
prelreated with Me 2 SO (DMSO, vehicle) or 10 /liM PPl for 15 rnin at 
37 "C prior to stimulation witli IL-8 {100 ng/wi) or EGF (10 ng/ml) for 
the indicated periods of time. After lysis, endogenous Erkl ajid Erk2 
wore immunoprficipitateH f/P> with the indicated ptjlyclona.1 antibodies. 
Immune complexes were analyzed for MAP kinase activity by in vitro 
kinase assay as described under "Experimental Procedures. ' 

OV-3 cells, IL-8 induced activation of p44/42 MAP (Erkl/2) 
kinases (Fig. 3A). This effect was significantly reduced when 
cells were treated with PTX or after cellular depletion of PKC 
by prolonged exposure to phorbol 12-myristate 13 -acetate (Fig. 
3B). Several studies suggest that the potent mitogenic effects of 
GPCR-specific agonists (angiotensin II, LP A, and bombesin) in 
different cell types result from cooperative activation of multi- 
ple signal-transducing pathways involving G proteins and ty- 
rosine kinases (26. 27, 30, 32. 34, 55. 56). This, to our knowl- 
edge, has not yet been investigated with chemokines. In SK- 
OV-3 cells, MAP kinase activity was attenuated when cells 
were p retreated with the tyrphostins genestein and herbuuycin 
A prior to IL-8 stimulation (Fig. 3B). This clearly showed the 
involvement of tyrosine kinases in IL-8 signal transduction. 

An important feature in tyrosine kinase receptor-mediated 
activation of Ras -dependent MAP kinase activation is the phos- 
phorylation of the receptor and its association with Grb2 either 
directly (24) or indirectly through the phosphorylated She 
adaptor protein (23, 41, 57, 58). There is also the recruitment of 
the Ras guanine nucleotide exchange factor to the plasma 
membrane where it activates Ras, thereby initiating a signal- 
ing cascade leading to the activation of MAP kinase. Several 
studies have demonstrated the involvement of EGFR in mito- 
gemc signaling induced by GPCR agonists (2S-29, 43). In the 
present study, we observed the phosphorylation of several cel- 
lular proteins upon IL-8 stimulation. Of these Grb2-associating 
proteins, 46-, 52-, and 66-kDa proteins were identified as iso- 
forms of the She protein, and the high molecular mass t- -170 
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kDaJ protein was identified as EGFR 'Fig. A). It is possible that 
other members of the EGFR family like ErbB2 and ErbB3 are 
present in the Grb2 fusion protein complex. Using the specific 
inhibitor AG1478, we showed that the intrinsic kinase activity 
of EGFR was required for receptor autophosphorylation (Fig. 5) 
and for phosphorylation of downstream molecules like She (Fig. 
6A and 9A). leading to MAP kinase activation (Fig. 6B). Intrin- 
sic EGFR kinase activity was also required for She phospho- 
rylation in studies of LPA, endothelin-1, and a-thrombin-in- 
duced signaling in Rat-1 cells, UTP signaling in PC 12 neuronal 
cells, and angiotensin II -induced responses in vascular smooth 
muscle cells (25-28). 

Previously reported GPCR agonists that are involved in 
EGFR transactivation act via the G : and G„ class of G proteins 
(25, 26, 28, 43). The a sub unit of the G q family member and 8y 
released from Gj activate various isof'crms of phosphohpase 
C-fj, thereby increasing intracellular Ca^" levels (59-61). In 
PC12 neuronal cells, membrane depolarization induced Ca _ 
influx and treatment with bradykinin or calcium ionophore 
also triggered EGFR transactivation < 29). Tyrosyl phosphoryl- 
ation of the EGF receptor in SK-OV-3 cells (Fig. 7) was also 
initiated by the calcium ionophore A231S7, which mimicks the 
G protein- mediated increase in Ca 2 ' flux. The intracellular 
calcium chelator l,2-bis(o-aminophenoxy) ethane-AvV^V J\ r ' - 
tetra acetic acid tetra i acetoxymethyl) ester blocked this phos- 
phorylation, although no such effect was observed when the 
influx of extracellular Ca 2 + was blocked by EGTA (data not 
shown). We found that intracellular Ca 2 " was both necessary 
and sufficient to trigger EGFR transactivation in a ligand- 
independent manner in ovarian cancer cells. It Is possible that 
the C a 2 ""-dependent transactivation of the EGF receptor m 
SK-OV-3 cells may result from the activation of a nonreceptor 
kinase, the involvement of phosphatidylinositol-phospholipase 
C -mediated activation of Ca^ * -dependent PKC isoforms. or the 
inhibition of a phosphotyrosine phosphatase. These possibili- 
ties will be addressed in future studies. 

The Src family of protein-tyro sine kinases has been impli- 
cated in relaying responses of various mitogenic factors (56, 62, 
63). However, there are conflicting reports on its role in GPCR- 
mediated signaling, Roche et al (64) and Kranenburg et al. (65 1 
reported that c-Src activity was not required for relaying the 
mitogenic effects of LPA, bombesin, and thrombin. Activation 
of pGO^'" 0 was required for the Gj -coupled LPA receptor-medi- 
ated Q&y sub unit -dependent activation of Erkl/2 in COS-7 
cells (26, 34) and for the G t and G q/1 1 -coupled (LPA, bradykinin. 
and thrombin) receptor stimulation of Erkl/2 in PC12 cells and 
growth -responsive fibroblasts (25, 30 J Activated Src mediates 
Ras/MAP kinase activation through tyrosine phosphorylation 
of the adaptor protein She and its subsequent association and 
complex formation with Grb2 as demonstrated for the receptors 
for JV-formyl peptides, LPA, UTP, angiotensin II, and the «2A 
adrenergic receptors (26—28, 43, 44). Another prominent sub- 
strate of Src is EGFR (63, 66;. Using the specific inhibitor PPl, 
we showed that Src phosphorylated She protein and was re- 
quired for MAP kinase activity (Fig. 9, A and B) but not for 
EGFR phosphorylation upon IL-8 stimulation in SK-OV-3 cells 
(Fig. 6). Similar results were reported by Daub et al , (26) on the 
effects of LPA in COS cells. Thus, additional signaling factors 
like tyrosine kinases may act downstream of EGFR in SK-OV-3 
cells. 

In these ovarian cancer cells, CXCR-1/2 receptors mediated 
the activation of p44/42 MAP kinase via multiple tyrosine 
kinase pathways (Fig. 3i?), The increase in intracellular Ca** 
appeared responsible for the transactivation of the EGF recep- 
tor tyrosine kinase (Fig. 7). It is known that both the Gpy 
subunit and the Ga subunit of the G q class of proteins contrib- 



ute to increases in intracellular Ca J ' levels in response to IL-8 
(10, 42. 52). Whereas MAP kinase activity was totally abolished 
by PTX. the extent of EGFR phosphorylation was unaffected 
i data not shown). These results suggest that a member of a 
PTX- in sensitive G„ family regulates MAP kinase activity via 
an EGF receptor tyrosine kinase pathway in SK-OV-3 cells 
The involvement of EGFR in the signaling of CXCR-1/2 sug- 
gests important cross -talk between chemokine and growth fac- 
tor receptor signaling pathways in ovarian cancer. 

Acknowledgments W'i- thank Nancy DesRosirrs tor preparation of 
the figures. Sjjnone Jadu.stngh tot typing. Mini Jmiel f.)elati;*nt y for 
editing the manuscript 

KKKKKK\(ir:S 

1 . Corps. A. N.. Sowter, H. M.. and Smith, S. K. C 1997 )Ir.t. •/. Cancer 73, 151-155 

2. Elii-rbrofciJ. S M.. Hudson, L G.. and St«irk. M. S. '1998' hit. J. ('ancer 78, 

i — ^37 

3. Westrrmann, A. M., Beijnen, o. fi.. Mooit-iiHftr. W. H . and Rortenhviis, S 

i 1397'. Canc*r Treat. Be: . 23, I 13 13 I 

4. Siihadendorf, D., Mulkr, A., Aipr-rrniivSr-n, 1.1.. W^rm. M., Sticker!; rig, M., and 

CzarneLzki. 3. M. ( 1993) J. Immunol. 151, 2667 2675 

5. Miyamoto, M., ShimizM. Y., Okada, K., K;ishii, V . I ti^iichi. K., and Wamnabe, 

X. (1998) Cancer Immur.nl. lmtnunothct . 47, 47-57 

6. War>g. J jM.. Tarftbo;*?u,i, G., M»t..<suj!i-.in-.H. K.. Van Damme. J., and Mhntnv.ini. 

A. tl99o) Biochetn. Bicphys. Rrs. Ccmmur, 16». 165 170 

7. Yo'intf.s. 3. J.. Ali. t\ A., Taub. D. D., and Rees. R. C. ()yy7) Int. -J. Ctmcer 71, 

251 -266 

S. K(v:h, A. E.. PoJverini. P. J.. Kunkw. S. L.. Harlow. ',. A.. DiPieu-c, L. A., Etner, 
V. M.. Einer. S. G.. and Stric-ter, H. M. '.1992) Science 258. 1798- :8ul 

'J. Roiiins. B. J. (1 997 ) fl/rW 90, 909 -92 H 

10. Wu, D.. LaRosa, G, J., and Simon, M i. (1993) Science 261. 101-10? 

11. Ganju, R. K.. Brubaker. S. A.. Meyer. J.. D^tt. P., Yan*. Y., Qin, S., Newman, 

W., find Groopman. J. E. (1998)7. Biol. Chem. 273, 23 169 -23 175 

12. Dull. P.. Waiitf. J. F.. and Groopnian. J. E. : 1998) J. Immunol. 101, i' 652-3658 
Ki. Ganju, R. K. , DnH, P., Wu, L... Newman. W., AvrntiHrn, ii, Avrahani, S.. and 

Groopman, J. E. C199S) Blood 91. 791- 797 

14. Meliado, M., Rodrig:ie2-Fradf . .1. M. AraRay. A., dei Real. G„ Martin. A M , 

Vila-Coi''j, A. J.. Serrano. A.. Mayor, F.. Jr.. and Martinoz. A. C. I 199Hj 
J. Immunol. 161,805-813 

15. Gut kind, J. S (1998'-/. liiol. Chrn, 273. 18.')9-la'i'2 

16. Cobb, M. H., and (ioidsini r.h. E.J. i.lt>95j«/. Rioi. Chrm. 270. 1484;i-14s46 
i". Crtiifo. P.. Xu. N.. Siniorid.s. W ar.d Gutkind. .J. S. -'1994i Nature 3G9, 

4]a--*20 

18. Ddlu Rjcca, G. J., von Hieaen. T., Dtiaku Y.. LuMrell, D. K.. LuttrcU, L. M., 
and Ltfiowiut. R.J. (1997; J. Biol. Chen,. 272. 19125-19132 

":9. Hawes, B. E.. l.utrre-11, ].. M , v-sr. B)efl*>n. T -ind Lefkowitt, R. ,1. ( 199(f) 
J. Biol. Chen. 271, 12133- 12136 

20. Hawes, B. E., van Fiiesen, T., Koch, VV. J., Luttretl, L. M , and Lefkowit?;, R. J. 

(' 1995: J. Biol. Chcm. 270, 17148-17153 

21. L.opez-U&aaoft. M.. Crespo. P., Pellin, F' O.. Gutkind, J. S., and Wetzknr, R. 

(1997) Science 275, 394 -397 

22. Richardson, R. M., Ali. H., Pridjfeii. B. C, Han'habu, B., and Snydermjin, R. 

( 1998 ) J. Biol . Che;n. 273, l'j6iK> 10<>95 

23. van Bif.sen. T., Hawpj. B. E.. Lultrell. D. K.. Kniegsr. K. M.. Touhara. K.. 

pjj firi, E., Sakauts, M., Luttreii. L. M.. and Lcfkjwitz, R. J ( 1995; Nature 
376, 781-784 

24. Buday, L., and Downward, J. (1993) Celt 7:1. til 1-620 

25. Duub. H.. Weiss, F. U., Waliuscli. C. and Ullrich, A. (1996) Nature 370, 

557-^J 

26. Daub. H., Waiiascn. C„ Lankciiuu. A.. H^rrliL-h. A, and Uliridi, A, (1997) 

EMBO J. IB, 7032-7044 

27. E^uohi, S., Numaifuchi, K.. Iwosuki, H.. Ma Uiurnoto, T.. Y'aitLQkawQ, T., 

L'lsunomiya. H., Motley, E. D., Kawnkatsu. H.. i^iwaria. K. M.. Mirata, Y . 
Marunio, F.. ar.d ;nagauii. T. (1998) J. Biol. Chem. 273, 8890 - 8S96 
•2ti. SuhofT, S. P. ( I'.iiiH]- J. Rial. Chem. 273, 23 j t'J-231 i7 

29. Zwick, E.. Daub. H., Aoki. N , Yamaguthi -Aoki, Y. . Tinhofer. i.. Maiy. K.. and 

Uiinch. A. { 1 997 ) J Biol Chem. 272,247^7-24770 
Ii'.). Linsfmon, D. A., Uenjanun, C. W„ und Jonts. D. A. (1995*-/. Biol. Chem. 870. 

1258."-J25fi8 

31 Dikic. 1.. Tokiwu , G.. Lev. S , ('t>urtncidgt', S. A., and Schk-aoinger. J. i'1996' 
Ntitur? 383. 54 7-550 

32. Eguchi. S.. Iw6.^aki. H , inagatiii, T„ Numrfgnchi, K.. Ynm&krtwa, T., Motley, 

E. D.. Owadu, K. M.. Mdrurno. F.. and Hiram. Y. (1999) Hypertension 33, 

201-206 

33. Scltofl'. S P., Avrahan;- H., Avjahu:n. S.. a:;d Cunl!'-y. L. C. (1998) J. Biol. 

Chem. 273, 2653-266(1 

34. Luttreii, L. M., Hawed. B E.. vm: Bitst.ii, T.. Luttrt 11. D. K., LunsinK- T. J., and 

Lefkowit.z. R. J. ((996)-/ Biol Chem. 271, 19443- i 94.^0 

35. .Singh. R K.. and Varney, M L a998> (Uinc^i lies. 5H, 1532 1537 

36. Standifcrd T. J., Kunkei. S. \... Basha. M. A.. Che;i.sue. S. W., Lynch, J. P., Ill, 

'i'oews. G. B.. Wedtwick. J., and Strk:UT. it. M. '1990; •). Clin. Invest 86, 
1 945- 1953 

37. Salgia. ci.. Quackc-nbath, E.. L.i r- . J.. Souohkfva. N., Sattlt-r. M„ Ewaniuk. 

D. S„ Kluf-her. K. M.. Daley, C. Q.. Kraeft. S. K.. Sa-kat^in. R.. Alv^a, E. P.. 
v(^n Andrian, I J. H., Chen, B.. Gutifirrez-R^mos, J.-G. Pender cast,. AM, 
and Gnffin, J D. (1999; Blood &4, 4233 -4246 

38. Ehrfmgruber, M. I'.. CoatM. T D.. and D^r^i-.^au. D A. ; 1995) FEBS I^U 

356. 229 232 



IL-S Activates Erkl/2 via the EGF Receptor 



6875 



39. Etfuchi. S.. Matsurnoto. T., Motley. E. D.. ' .'{ounoiiiiyii. ii.. and Inajrumi. T. 

1 1996, J. Itt.ol, Chem. 271. 14 ] fit) -14 1 76 

40. Chen. Y.. Oral!. D., Sulciiii. A. E.. Pelicoi. P. G., PouysHtgur. J., and Va;. 

OblxTghttn-S^hilling. E. ■: i«)C EMHO J 15, ','-7- 9 .'44 
41 Ohrnich:. M., Mdtuoka. K.. TakL-r.flwo. ?., and Sahiti. A it 1991 J. BiU 
Chem. 280, IMS-] :48 

42. Joneo, 3. A., Mosei . B.. and Theieri. M ( 1 995 :■ FEUS Lett 3G4, 2: i 2M 

43. Lutfrfil. L. M.. Dfeils Rocca. G. J„ van Ble.w.. T. , Lutlre!:, D K . unr. 

Lt-fkow j ^ , R . J . a 997 s J Bi ol CVi wi . 272. 4 <'.'>3 7 4 ;J4 -1 

44. Prasznik. A., Tray nor- Kaplan, A. and Bokoch. G. M. 1 1 995 '■-./. iJiot. Chcm. 270, 

19969- 1997:3" 

45. Loetscher. P.. S*-:tz, M., Citirk-Lcwis, I.. Baggio:;;i;, M.. and Mcvifcr. B. ;1994) 

FEB.S Z^tf. 1141, 187-192 

46. Dt'tiuera. P. A.. Powell, D. E.. Wul:, A., Clark-Lt-wis. 1., Baffgiohiii. M., mr~ 

Oohr., 7.. A. ■ 1991 ) -7. Immunol. 147, 42 1 1-42 17 

47. Jones. 8. A, Dev^ald, B., Clark-L^wis, ■., tmd haagio\im. M. '1997) J. Bi'A. 

Cht-m. 272, ]Bt6B-iei69 

48. Rainger. G. E.. Rowley, A. F.. and Nash. G. ii. > 199S. Blond t*2, 4819 ■ 4827 
49 Bar- Eli. M. (1999) I'athobioiogy 67. r J - 1 M 

5u Murphy. P. M. (1997) Semm, Hemaiol. 34, -S 1 1 -.US 

51. Stoaael. T. P. ( 199:4 ) Science 260, l'JSti-[094 

52. L'Heureux. G. P., Bourgiin, .S., Jfcan, N.. Met oil !S. ii.. and Ntiocach-: 

( 1996) B/oc.<f 85, 522^531 
53 War^nab^, T., Wag;t, I , Honda, Z., Knrrikawa. K 
J. 5^/. CAtr/n. 270, 8984-8990 



P. H 



and JShimi2ii, T. ■; 19951 



5-1. Zou, Y, Kemuro, Ydmazuki. A»fc.nw.». R.. K-J^n. S.. Srwvitnu. 1.. Hi:o;. 

Y.. Misuno. ?.. and Yaz^kj. Y . UWr-: • 7. «i: 1. ( Vic/- 271. 335^-;:;;5>t7 
65 . M a r re- r cj . M . 3 , , Scfm f: f r , 3. , Li . B . i> u r 1 . ~ . Har^, J . B and L 1 1 1*; . B . N* . 1 199? 

-/. RiJ.. Chjm. 272, 24"f>4 -24H9' ■ 
So. Kc Nirig-u'.-z • F<-rr.« nd-:-z. J. L.. unci Kc-zc-n^ur: . i. • 1 v\*' > < llu-! . Ct.ftn 271. 

27»9 5-2790] 

57 Okiia«. S.. Vanmijchi. K. ,tnd P<-.^-i: : . .■ E. 1995 ■/ C'ff:n. 270, 

2v7i7-2i"'74 1 

58. Lw. C. fi.. Park. D.. Wu. I).. Pht-v. S. G.. -ir.d Siinoi.. M :. 1992 ..'. Bio!. U,e„i. 

267. 16044 ■ lt3047 

59. A., Wu, D., arid Simon. M. I 1 :99^' Xatun :i60, (i8i'5-H89 

60. Ht^pl'-r, J. R.. Ktjzaja. T.. Siuick.^. A. V.. S; . . M. H'.i'-t S. CJ., Suinwtii. 

p. C, f-r.ri Cilrr.an. A G. ( 199;i. ■/. fti.-,/. t 2H8. :4;:<i7-U375 
bl. Wu, D.. Kali. A., arid Simon. M 1 i ;9>-;r Pro.. A'al.'. Ac^d. Sci. U. S. A. 00, 
5 a 97 -Ki 1:1 

(?2. I.iel dt*i - loos. J. A., Roseuki'dliz. S.. Ba^'-nt t. ( .. mu; Kaziy n,sitaj. A. il99tv 

.] BtoL Chem. 273, 59'.N-5ir.5 
ti3 Wasik'iiks. W. J.. Paym:. LJ. M.. Fiu^fruld. 1). urid V\ : . , M. J. . iy91i.Wo/. 

CM. Biol. 1 1, 309-:; 2 l 
f54. Hc«ohi-. S.. Koegl. M.. Baror.t-. M. \ .. Ko>ism-1. M. F. i»J Cuurtnt-itig':. .S. A. 

( 1995) Jlffi. CWi. fiir-i. 15, 1:02- r:99 
tip. Kranenbuig, O . Wrldati, 1 . Hordijk. P. L.. ti;: Moou ruiar. W. H 1 199? ■ 

EMB O J. 1 0, 30 9 7 - 3 1 u 5 
Gti. Stover. D R., BecHer, M., LiebetJinz J., t. nd Lyrior, N. !i. ■ 1995)7. Ilioi O.^m. 

270. 15591 15597 



Tm Jouwal or Bmix»o«;;u. Chkmisttv 

£> 19ft* by The Amen can Society for Biochem»«try and Molecular Bio.oc Inc 



Vol 269. No. 52, isaur of Decern oer 30. pp 321*09-32916. 1994 

PrzrUvd in U S.A 



Solution Structure of GRO/Melanoma Growth Stimulatory Activity 
Determined by a H NMR Spectroscopy* 

(Received for publication, June 21, 1994, and in revised form, October 4, 1994, 
Key-Sun Kim*§, Ian Clark-LewisH, and Brian D. Sykestli 

From the ^Protein Engineering Network of Centres of Excellence (PENCE/ and Dept. of Biochemistry, University of 
Alberta, Edmonton, Alberta T6G 2S2, Canada and the \PENCE, The Biomedical Research Centre and Dept. of 
Biochemistry and Molecular Biology, University of British Columbia, Vancouver, British Columbia VST 1Z3 : Canada 



The three-dimensional solution structure of the 
growth -related protein-a/melanoma growth stimulatory 
activity (GRO/MGSA) has been solved by two-dimen- 
sional 1 H nuclear magnetic resonance spectroscopy. The 
GRO/MGSA monomer consists of an NH,-terminal loop, a 
three -stranded antiparaUel 0-sheet, and a COOH-termi- 
nal o-helix. Dimerization, which is apparent under the 
experimental conditions used (2 nw, pH 5.10, 30 °C), re- 
sults in a six-stranded antiparallel 0-sheet and a pair of 
helices with 2-fold symmetry. While the basic fold is sim- 
ilar to that seen for interleukin-8 (IL-8) (Clore, G. M., 
Appella, E-, Yamada, M., Matsuahima, K-, and Gronen- 
born, A. M. (1990) Biochemistry, 29, 1669-1696), there are 
differences in the ELR. motif (residues 6-8), the turn in- 
volving residues 31-36, which is linked to the NH 2 -ter- 
minal region through the 9-35 disulfide bond. The most 
significant differences are in the NH,-terminal loop 
(residues 12-23). In IL-8, all the corresponding regions 
have been shown to be required for receptor binding 
(Clark-Lewis, L, Dewald, B., Loetscher, M., Moser, B., and 
Baggiolini, M. (1994) J. Biol. Chem. 269, 16075-16081). 
The structural differences thus have been identified be- 
tween GRO/MGSA and IL-8 could contribute to their dif- 
ferent receptor binding specificities. 



Melanoma growth stimulatory activity (MGSA) 1 was origi- 
nally identified as an autocrine growth factor for the human 
melanoma cell line Hs294T (Richmond et al., 1988). The amino 
acid sequence revealed that MGSA is similar to interleukin-8 
(IL-8), and functional studies showed that MGSA is a potent 
neutrophil-activating protein like IL-8 (Moser et al., 1990). 
MGSA expression is induced in a wide range of tissues by 
interleukin 1 or tumor necrosis factor a (Richmond et al. , 1988; 
Haskill et al., 1990; Wen et al., 1989) and may have an impor- 
tant role in inflammation as well as melanoma transformation. 
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The sequence of MGSA shows that it is the product of a gene 
termed the growth- related gene a igroa), which is induced in 
Fibroblasts (Anisowicz et al., 1987). Two additional closely re- 
lated genes, groB andgroy, have also been identified (Haskill et 
al., 1990, Tekamp-Olson et al., 1990). Herein, the GROa or 
MGSA protein will be termed GRO/MGSA. 

GRO/MGSA is a member of a family of chemokines (CXC 
chemokines), which have the first two cysteines separated by 1 
amino acid (Miller and Krangel, 1992; Baggiolini and Clark- 
Lewis, 1992). Many of these CX*C chemokines, including GRO/ 
MGSA, GRO/3, GRO7, IL-8, granulocyte chemotactic protein-2 
(Proost et al., 1993), ENA78 (Walz et al., 1991), and neutrophil 
activating protein-2 (Walz and Baggiolini, 1989), are chemoat- 
tractants and activators of neutrophils. 

Among GXC chemokines, IL-8 is the best characterized, and 
the three-dimensional structure of the dimer has been solved 
by both NMR (Clore et al., 1990) and x-ray crystallography 
(Baldwin et al., 1991). The three-dimensional structure of IL-8 
monomer consists of an NH 2 -terminal loop, a three-stranded 
antiparallel 3-sheet, and a COOH-terminal ot-helix. The dimer 
is stabilized by the formation of a six-stranded antiparallel 
3-sheet and interactions between the two a-helices and the 
3-sheet. Structure-function studies of IL-8 have shown that the 
NKj-terminal ELR motif (residues 4-6, see Fig. 1) is critical for 
receptor binding and function (Clark- Lewis et al., 1991b, 1993; 
Heberte: al., 1991). In addition, both disulfide bridges (Cys-7 to 
Cys-34, Cys-9 to Cys-50), the NH a -terminal loop (residues 10- 
22), and the p-turn (residues 30-35) between the first and 
second 3-strands are also important for function (Clark-Lewis 
et aL, 1994). GRO/MGSA has 43% sequence identity with IL-8 
(Fig. 1). 

Two receptors for IL-8 have been identified on human neu- 
trophils: IL-8 receptor 1 and IL-8 receptor 2 (Holmes et al., 
1991; Murphy and Tiffany, 1991) IL-8 receptor 1 has high 
affinity for IL-8 but low affinity for GRO/MGSA and neutrophil- 
activating protein 2, whereas IL-8 receptor 2 has high affinity 
for all three chemokines (Cerretti et al., 1993; Moser et al., 
1991; Schumacher et al., 1992). Recently, a separate GRO/ 
MGSA receptor was detected in human melanoma cells (Horuk 
et al., 1993). Compared with IL-8 receptor 2, this receptor is 
specific for GRO/MGSA in that binding sites cannot be dis- 
placed by IL-8. In addition, a promiscuous receptor that binds 
to GRO/MGSA and other chemokines has been discovered on 
erythrocytes (Neote et al., 1993). 

Many questions remain concerning GRO/MGSA structure 
and function. The structural basis for discrimination between 
the two IL-8 receptors by CATC chemokines remains to be de- 
termined. The role of GRO/MGSA in cell growth and transfor- 
mation (Balentien er al., 1991) has not been defined. The basis 
for binding to the unique growth-inducing receptor on mela- 
noma cells or to the Duffy antigen receptor is unknown. The 
role of dimerization in chemokine function is controversial. 
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Table I 

Proton resonance assignments of GRO f MGSA at 30 "C at pH 5.1 



*, stereo specifically assigned protons; for the C, C\ and C*. the asterisk indicates protons of the C P H, C**\i 3 , and C Bt H 3l respectively. Degenerate 
chemical shifts are separated by a slash (/). All chemical shifts are from 2,2-dimethyl-2-silapentane 5 -sulfonate. 



Residue 


NH 


C'H 


C*H 


Others 


AJa-l 




A 1 £ 

4. 10 


T K A 




Ser-2 


o.oo 


4.0 f 


o or n or 




VaJ-3 


O.Z / 


4. J.O 


ji. I/O 


n G1 /A Ol 

C rlj u.yi/u.si 


a l_ j 

Ala-4 


Q ACi 




1 ^7 

I - J I 


Thr-o 


7 QG 
7, TO 


4.14 


4.10 


L- T rl s 1.J9 


LrlU-O 






1 oi 9 rti 




Leu-7 


a. 05 




1 C7 1 


t'H 1.54, U rl s U.B4, U. 


Arg-» 




4. / / 


1 HT 9 rui* 
l.ol, Z. LrO 


r*itJ i m/1 ec /^*XJ *j ifl/7 i a. W«U i ig 
V^- n X.DtVl.oCi; L rl J.lo/J.le; IN rl i .lS 


Cys-9 




4.0 / 


7 7rt ^ (3 1 * 




Gln-10 


11.22 


4.28 


2.00, 2.12* 


CH 2.37/2.37; N'R, 6.80, 7.48 


Cys-11 


9.45 


4.90 


3.17, 2.77* 


Leu- 1« 


o. /U 




1 K7/1 fi7 
l.O if l,o * 


v> m x.o4 r l> ri] i/-9^ f u.o4 




7 7D 






CyTJ 7 qo/7 oq 


inr-1* 


Q AO 


4.04 


j y4 


Hj 1 . UO 


Leu- 15 


Q CA 

8.60 


4.o7 


l.blv l.bo 




Ciln-lo 


Q TIC 

e.75 


A AC 

4.4b 


o no o on* 


f^tTT n j*7/7 J7, XT<TT ft fl7 7 EJ 


Gly-17 


7.74 


j.yj, j. /b 






Ue-lo 


1 Afl 


4.^1 


1 C7 

l.O / 


n J Uo, 1 . JO, IT j U. 1 4, Jij W. 1 1* 


tiiB-iy 


O AO 


4. 7 / 


J.Ue/J.UO 


pl^tj 7 ]j. 1 TT <7 no 
U li /.14, L- XI <.ao 


Fro-20 




4. 10 




r*KXj 7 ni 1 B7- r^^vi 7 tq q 77 


Lys-Zl 


y.oo 




1 ft A /I flA 
1.04/ I.OI 


r*i^l 1 ^fi/l 1^- P*H 1 S7/1 S7- P*H 2 A4/2 84 




a ■\ A. 


I.O f 


9 77 ^ 12* 


N*H 7 10 7 60 


f i . rtrt 




n rtr* 






oer-zo 


o.<£l 


(\ 'IK 
O.Ju 




- 


Val-26 




4. f 0 


1 7ft 


PTH D 7ft n 


Aan-27 


o on 

O.oU 


D.OB 


7 fie 7 KO* 




val-ze 


if .O / 


4.0 1 


9 in 


C T H 0 87 0 82* 


Lys-jy 


y.o / 


A 7fl 




pTH 1 51/1 51- r**H 1 69/1 69- C'H 2 95/2 95 


Ser-30 


7.94 


4.7o 


A flA JA f\A 

4 .04/ 4 U4 




Pro- 31 




4.49 


1 TO Oil 
1. /O, ji.ll 


t n *.uu, i.oy, ri j oy, 4.1U 


Gly-32 


8.58 


4.43, 






rro-33 




i IE 

4,I£) 


O 77 1 Aft 


fi^T 1 07 1 fiQ- r" ( H *-t fiS 1 *i7 


Hia-34 


8.42 


A FT f 

4.77 




fiau 7 ic. c— l H R 
1/ 11 /.io, l n o.oa 


Cys-35 


7.26 


4.77 


2.95/2.95 




Ala-36 


8.88 


4.4y 


1 .40 




GIn-37 


7.46 


4-OJ 


l.ifO, i.lO 


C tH 5iO 9 97- W'H ■ fi 71 7 7Q 


Thr-38 


8.66 


4.53 


J. yo 


C^i, 1.12 


Glu-39 


8.60 


4.90 


1 Q7 1 OO 

1.9<5, 1.99 


H Z.41j«.41 


Val-40 


9.56 


4.91 




fiyU A flQ A 77* 

l/'rlj U.BZ, v./i 


Ile-41 


9.15 




1 si 
l.SX 


CVfA 1 11 11?- P^H 3 079 C'H 0 ft4 


AIa-42 


9.89 


tZ 77 


1 IK 




Thr-43 


9.17 


4.77 


a ort 
4.^U 




Leu -44 


9.42 


5.04 


7 1^ 1 70<# 

2.14, 1.78 T 


prtl 1 £7. /^*'H A OC fi 71 ■ 

11 1.0 /, rij u.oo, u, / 1 


Lys-45 


8.47 


3.9b 


1 Q1 1 

l.oi, i.y/ 


/-•nj i oft/i r'H l 79/t 79- <^*H 7 qn/9 on 
t_/ r ji x.oo/i.oo, n j.. / ^ 1 . 1 Vv 11 a..j\j/ a..&\j 


Asn-46 


7.70 


4.63 


7 70 O 7fi# 


i>i rij 0.00, 1.11 


Gly-47 


8.13 


4.32, 3.56 






Arg-48 


7.74 


4.33 


1.90, 1.82 


C r H 1.62/1.62; C xl d l9/o.iy; N H 7.^1 


Lys-49 


8.30 


a. 4b 


1 7rt 1 

1. / U, l.O / 


Crrj 1 .7/1 17. r"*H 1 17/1 17* P'H 2 9ft 


Ala-50 


9.12 


4.67 


1.25 




Cys-51 


9.00 


5.54 


3.89, 3.12* 


fiyu 1 ^ r , At t a 71 A 77* 

CT1 l.oo; C H 3 0 /1, U. // 


Leu-52 


8.99 


4.96 


1,4571.45 


Asn-53 


8.85 


4.79 


2.98, 2.82 


N'l^ 7.13, 7.93 


Pro-54 






1.99/1.99 




Ala-56 


7.52 


4.38 


1.43 




Ser-56 


7.65 


4.89 


4.2L/4.21 


(J T H 6.38 


Pro-57 




4.36 


2.47, 2.03 


C H i.lo/z.lb; L n 4.18, 4.0b 


Ile-58 


7.65 


3.86 


1.93 


L. il l.oo, l.ou; Lilj v.aD, li j U.oD 


VaJ-59 


7 .22 


3.43 


2.35 


/^tU 1 17 A QO* 

L li, 1.1^, O.o^" 


Lys-60 


7.24 


3.74 


1.88/1.88 


Cm 1.50, 1.32; C'H 1.66, 1.71; CH 2.93/ 








2.93 


Lys-61 


7.31 


4.08 


1.95/1.95 


C^H 1.47, 1.58; C*H 1.68/1.68; C'H 2.94/ 








2.94 


He -62 


8.35 


3.58 


1.98 


C>H 1.94, 0.94; C 1 !!, 0.80; C 4 H, 0.78 


He-63 


7.90 


3 58 


1.88 


C^H 1.00, 1.76; C^xi, 0.86; C*Hj 0.72 


Glu-64 


8.20 


3.82 


2.17, 2.09 


C'H 2.71, 2.48 


Lys-65 


8.04 


4.11 


1.94/1.94 


C'H 1.60/1.60; C*H 1.S9, 1.66; C'H 2.94/ 








2.94 


Met-66 


8.01 


4.07 


2.20, 1.94 


C'H 2.84, 2.42; C'H 3 1 90 


Leu-67 


7.92 


4.02 


1.85, 1.66* 


C'H 1.95; C*H 3 0.86, 0.77* 


A*n-6S 


7.54 


4.75 


2.76, 2.96 


N*Hj 6.90, 7.60 


Ser-69 


8.06 


4.32 


3.99/3,99 




Asp-70 


8.35 


4.59 


2.76. 2.67 


C'H 1.47/1.47; C'H 1.69/1.69; C'H 3 03/3.03 


Lye- 7 J 


8.23 


4.40 


1.77. 1.94 


Ser-72 


8.01 


4.23 


3.86/3.86 
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for CC chemokmes (Lodi «t o/ , 1W4 ' cance of dimerization. 
^to^^^^^^^ of GRO/MGSA 
Knowledge of * ^ "^^SwTto resolve these structure- 
would greatly enhance ^ own structures- Here, 
faction questions ;b y ."^^ gkO/MGS A solved by W 
we present the soluuon structure of OK prelirmn ary 
NMB spectroscopy and compare * -th rf grQ/ 

report of NMR assignments and secona y 

MGSA ha, appeared (Fairbrother .( al., 1993). 

MATERIALS AND METHODS 
, Th. 72-residue GRO/MGSA protein was syn- 
Sony* P ^°^;~^ 0 K«r»^theiii 8 (Applied Biosystems model 
thesixedby automated ^'f^^nyl ari d benzyl protecUon «trat- 
430A) using the '^^S'jS^uoride. the material was folded 
egy. After deprotection ^^g^^e HPLC. Purity was as- 
bfair oxidation and ^^^^nc focusing- The final ammo 
sessed by reverse-phase HPLC ^ '^ d ^ ia The »ourc« of 
^dcompo.itioov.asde^edb^ ^ (C^k- Lewis al., 1991a). The 
reagent* were as previously de ^rJ^ d peptide by-products that 
last amino acid (An) *«r , in £ e Aan acyl-resin used 
W ere initially thought to be d«£ « ^ n *^ be a prob lem. Truncated 
for .ynthesi.. The re B in was f^^^^h protein. An NMR 
GR SMGSAhad in either 90% 

sample was prepared by *" om f«J i wa8 adjusted to 5,10 ± 0.05 
H,0 P 10% DjO * ^tncfn^dN.OD For hydrogen 
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exchange rate measurement* th ^ E ^ a * e ,. l986 ). HOHAHA 

(Bax, 1889XBOESY (Both^er-Byefoi. 1964^ and PE- 

1986) spectra were ac.u^ed in both ' (HOHAHA, with 

COSY (Muelle, -1987 ) ' ^^M^^ trim 'pulse; NOESY, with 
mixing time, of 45 and 55 ms and won mixing time of 
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30 ma; and FE-CO&i, wiui spectral width (4000 Hz) was 

8500 Ifaw-i^ for ^O.wd*"^^^ ^ the phaa e- B en a itive 

for D,0. Ml NMR a Varian Unity 600 NMR 

mode using the States* ^^^^emenU. hydrogen ex- 
spectrometer. For amide *f3^ ph ai«a sample in D,0. A 

chlnge was started b, 'J***^ the hydrogen exchange 

COSY spectrum was acquired even ' o . 

rates were derived from -^^^nUnTas^.gnrnent of the residue 
Sequent^ Assignm^nts-rhes^uenu^ ^ ^ 

i» the iH NMR .p«*r«m T~^^S^3S^ connectivities 
using HOHAHA spectrin and "Sau^Mti were unambigu- 
-.al NOW ■ TJJ ^^cSsTrtorded in H,0 and D a O 
ously identified in DQF-COfaY ana rry- d low number* of 

respectively Despite the severe special overUt > du ^ rf 

anmvUic residues (2 ^^^S^SSl i» the proUir, 
on « ^-SSSJ^^-^ * accomplished by ob- 

measured by vol- 

Intcrproton Dvtonce ^^^^ referenced to the long 

UM ^r^NOE™^ ^backbone NH as 3.2 A (Wuthnch, 
range p-»heet NOE ^ we * n /" wth diaUnce ranges of 1 .8-2 .7, 

1986) and were ^tepjjj* NOE mtensit.es 

l.W.8. 2.3-5 0. and 2.8^0 J^^^o^, NOESY spectra, 
for distance restrainU were d ^ v ^^ methylene protons, an 
in the case ^^^^0^ 

additional 0.5 A was added to the uppei ^ were ^rved 

higher apparent intensity of »^^J^^™ no t stereospecifi- 
froma proton to both ^^^^^ for the restraints of 
cally assigned, the * 5) NOEa, 204 medm m 

the two NOEs. A total of 366 long ranpe U J ^ intraresidue 

range (2 * U -Jl * . 4) N N 0 °^ W ^ for structure calculations. 
NOEs, and 42 dimenc NOEa were . RM iniM-&*r*f 

Stereospeofic A****** ^ ^ ^e**h»g constanU, m- 
spedfic assignments were made bajedon , P ^ 
traresidue, and sequentaal NOEs ^ a | E ^* gY recorded in 

pling constant, were n~asured , PfrOTb ^ ^ rf methylcne 
Dj O at 30 *C. Due to spectral overlap, on£ po could ^ 

proton, were ^^^^^ h ^rVm the'rapid conforma- 
be stereospecincally assigned because iney 




N 

r 



to 



«» • 



V 
V 



4& 
K 



M G 



A 

L 



s c 

10 



11 

h n a 0 

hD * " 

w 



p 
r 



40 

V 1 
I 1 
40 



II p » I 
D P * 1 



V K s 1 

v d « v 



■ KM 

e * r 



1. H S B K S N 

L K S A S N * 

71 



three major conformations, ana « a 

enecific assignments of methyl 
tomon angle .^^.^.t^e from the mtraresidue NOEs 
groups of leuane "^^2^^. 1993). A total of 30 x> angle 
CZuiderweg «t oi.. ^f 8 ' 'nations. 

restraint* were used for f^^^^ hydrogen bonds were im- 
Hydrogen Bonding Reiiromts-BackM ne > exchange rate 

tWlJ aasigned from NOE ^"^^Se «ch.ng. rat. un- 
maasuremenU. An amide ^pxoto .with s ^ 2 ^ protein) , was 

der the ^^l^^t Lnd Lnor. Onty hydrogen bonds 
considered as a possible bydrogen oon h , exchange rates 
that satisfied both NOE «^ At^«f«> ^tra-subunit hydro- 
were used for structure * g oburiit hydrogen bonds for the 
gen bonds for ^T^^^S^hJ*^ bondaus^dfor 
dimer were assigned- Two ofUie ^ Q) not rttisfy hy 
structure calculations (26 u connectiv ities and initial 
drogen exchange rate cn«r^h "Zl^Y^ bonds. For each hy- 
Btructure showed the existence of Oiese nytt K A) wefe 

ssirt r.sssi5iU — — ^ 8 inter - 

subunit hydrogen bond "^aints^ were out by a 

Structure CalculaUons^^ctu^ MMthng protocols us- 
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C-72:subumt B to C root - m ean-square tr.m s.) differ- 

metry restraints minimize the ^^"1^^,, 1993). The 
enee between the two ^^^^^ urative manner by add- 

assignments (Kraulis et al.. 1989). 

RESULTS AND DISCUSSION 

complete Hrt of a. 8 ignn>.nt» «f tta^to . NMK 

Gln-10. the reridue between the firrt J cy* 
„otif, h» a large downfield chem.cal d^ft nfieW 

T 46 ttffi tl. fow"1ciore« .989, 
chemical shift. This was aisu i p . t for 

where the ^^J\^o^ shifts (1194 and 
8 equence alxgnxnent) have larg amide prft . 

11.53 ppm, respect^ely). In the case oi i , tidines 
tons have H-bonds to th« » imidazole ^ ^ ud tnat the 
in the NMR structure Clore et al. 
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Fig. 2. Summary of the NOE connectivities, a, sequential NOEs. The relative strengths of the NOEs are indicated by the thickness of the 
lines. The C'H protons of proline are treated as backbone NH protons. NOEs involving the C*H protons of proline are given by the hatched box in 
connectivity. The degenerate neighboring amide protons are shown by the dotted line in d^ connectivity. Slowly exchanging amide proton is 
indicated by a solid circle (•). b, medium to long range NOEs. Upper triangles are for the NOE connectivities between backbone protons including 
C fl H protong (□). The lower triangles are for the NOE connectivities between the eide chain protons (O). The filled symbols (■, •) are for the dimenc 
NOEs, c, the number of NOE8 used for structure calculations for each residue. The column from the bottom (■) to the top (■) indicates the number 
of NOEs for intraresidue, sequential, medium, long, and dimeric NOEs. 



alignment of the imidazole ring and the NH proton induced by 
H- bonding was the cause of the large downfield shift. In GRO/ 
MGSA structure, the corresponding amide protons (Gin- 10, 
Lys-21) do not have H -bonds to the imidazole ring nitrogens of 
histidines (His-19, His-34). The lack of the ring current effect 
may explain the reduced downfield shift of Lya-21 but cannot 
explain the chemical shift of Gin- 10. To investigate this, we 
synthesized an analog of GRO/MGSA in which both His-19 and 
His-34 were substituted by Asn (H19N, H34N) so that polypep- 
tide had no aromatic residues. A large downfield l H NMR chem- 
ical shift was also observed for Gin- 10 (11.15 ppm)in the double 
mutant. This suggests that factors other than a ring current 
effect influence the chemical shift of the Gin- 10 amide proton. 

A summary of short-range 'H NMR NOE connectivities in- 
volving the NH, C*H, and C"H protons, together with an indi- 
cation of the slowly exchanging amide protons, is shown in Fig. 
2a, and a summary of medium and long range NOE connectivi- 
ties is shown in Fig. 26. Central 0-strands and a COOH-termi- 
nal helix are evident in Fig. 26. Fig. 26 also shows that the 
dimer interface {filled symbols) forms across /3-strands of two 
subunits. A difference from the 73 -residue GRO/MGSA (Fair- 
brnther et al., 1993) can be found in the CO OH- terminal helix 
in sequential NOE connectivity diagram. In the 73-residue 
GRO/MGSA, the helical NOEs (i, i + 3) can be observed up to 
residue 69. However in the 72-residue GRO/MGSA, NOEs ex- 
tend only up to residue 68. The NOE connectivities shown in 
Fig. 2a are similar to the corresponding connectivities in IL-8, 
but the number of backbone NOEs between two subunits in 
GRO/MGSA is fewer than in IL-8. The secondary structures 
identified in the sequential medium and long range NOE con- 
nectivity diagrams (Fig. 2, a and 6) are consistent with the 
number of NOEs for each residue (Fig. 2c). More, medium range 
NOEs are found in the helix, whereas long range NOEs are 
more abundant in 3-strands. 



Hydrogen exchange rate measurements were used for the 
identification of H-bon&s. Since amide protons simultaneously 
exchange by both unfolding and local fluctuations of the pro- 
tein, fast exchange of a proton does not necessarily indicate 
that no hydrogen bond is made to that proton, and slow ex- 
change of a proton also does not guarantee the existence of a 
hydrogen bond to that proton, as other factors can protect a 
proton from exchange (Kim et al. t 1993). In particular, most of 
amide protons in GRO/MGSA exchange within 24 h at 30 °C, 
pH 4.6. Therefore, a H-bond was assigned only if the NOE 
connectivities around a visible amide proton in the freshly pre- 
pared sample in D 2 0 were consistent with a H-bond geometry. 

Solution Structure of GRO / MGSA — The solution structure 
of the GRO/MGSA monomer consists of a NH 2 -terminal loop, 
3-stranded 0-sheet (residues 25-29, 39-44, and 48-^51), a 
COOH-terminal nr-helix (57-68), and turns between them. The 
NH^-terminal loop is linked by disulfide bonds to one of the 
turns (Cys-9-Cys-35) and the third strand of 0-sheet (Cys-ll- 
Cys-51) as shown in Fig. 3. Under the experimental conditions 
used (2 nun, pH 5.10), GRO/MGSA forms a dimer resulting in 
6-stranded antiparallel 0-sheet and a pair of helices with 2-fold 
symmetry. The statistics of the 30 converged hybrid distance 
geometry-simulated annealing structures are shown in Table 
II. All ranges of NOEs are equally well satisfied, and the cova- 
lent geometries of the converged structures are close to ideal. 
The r.m.s. difference of the ensemble of structures to the aver- 
age is 0.51 A for the backbone atoms and 0.81 A for all heavy 
atoms for residues 9-68. The r.m.s. difference to the minimized 
(minimized with NOE restraints) average structure is 0.58 A 
for the backbone atoms and 0.94 A for all heavy atoms. The 
inclusion of 3 J NHo coupling constants in structure calculations 
for torsion angle constraints improved r.m.s. difference of back- 
bone atoms by 0.1 A, but they were not included in structure 
calculations reported here. Although the ^J^. coupling con- 
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r J n£S^ „ «<M*> of the 30 simulated annealing 

J-*\ ra C) atomS (residue. 9-*»> <* 

-r-s " -«aa-srst: 



. .(Fig 4 a and b .indicates that 

.ft i„„ »f the structures is « fete-'- ®f^ m alIvl c ta re ot J the loop comprising residues m thc onom e 

^ffi^^«JSt^:S* ional acrf surface are, of- ^ The reducU „„ 
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- 0.007 



:S ordered. Al-je «£■ ;„ ows the frao 

for *e loop comprising residues ^ 7^*8 ^ ^ monom er 
nal accessible surface -ea of-* ^ ^ redu cuonof 
a „d dimer forms (Le ^^turn is basically confined to 
accessible surface area bj .*"»" lUt dimer is stabilued by 
the interfacial p-strands, "^J^ sUanJ , The resulues 
the mteraclioas between the .nter Cys . 51 ^-52 

lie-23 Cys-3B. Val-40, lle-41. Ma 4Z roonomer and 

Val 59, and Ile-62 are * X »,th *e exception of 

d *Ler forms. These trctch to stabilize the 

C™-35 and Cys-51. form a hy d ™<T and tne overlapping 
,/rtiarv interaction between the P "Me ^ 

het This hydrophobic stretch ^^abiVay. defined by 
twchisresponsMeforprotemWdinia ^ 

to hydrogen exchange rates ^m* ^ the amld pro 
hydrogen exchange rat^s were observe ^ ^ „ 
Is of residues Val^A^42Leu52^ t ^ ^ 

t^S^ of prouin foidmg core by analogy 

M ^,e the overa.1 fo,d of -S^. 
\ . *-n K cjeveral notable Qineid ft R motif is 

j « * 9 (Fig. 2*) and NOEs betwee inVolving res'- 

dues 5-9 were also observed in tn affect the ELK 

lowing that the residues in IW 
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Fiu. 4. The average r.m.B. distribution of the 30 simulated annealing structures about the average structure best fitted to the backbone atoms 
of residues 9-68 (a. 6) and fractional accessible surface area of minimized average structure (e). The standard deviations are shown by the vertical 
bars, and accessible surface area is calculated as a single subunit (-0-) and dimer (-•-). 



Ala 1 



Ala 1 




Ala 2 



Ser 72 




Ala 2 



Ser 72 



Ser 72 



Ser 72 



Pic. 5. Comparison of GRO/MGSA and IL-8. The best fit superposition was obtained by fitting C* atoms of residues 9-68 of GRO/MGSA (thick 
line) and the corresponding residues (see Fig. 1) of the IL-8 NMR structure (gray line). 



dimer interface. In GRO/MGSA, there are no inter-subunit in- 
teractions between the COOH-terminal helix and /5-strands of 
the other subunit. Dimenc NOEs between subunits in GRO/ 
MGSA reside only in the strands (residues 23-30), whereas in 
IL-8 the COOH-terminal helix and the 0-sheet of the other 
subunit interact, and the dimer is additionally stabilized by 
salt bridges across the 0-sheet interface. No such inter-subunit 



salt bridges were found in GRO/MGSA. Hydrogen exchange 
rate measurements and ultracentrifugation studies also indi- 
cate that dimeric interactions are much weaker than in IL-8. It 
is also of interest that the a-helix separation in the dimer is 
narrower in GRO/MGSA (-10 A) compared with the NMR 
structure of IL-8 (-15 A) (Clore et al., 1990), but it is closer to 
the x-ray structure of IL-8 ( — 11 A) (Baldwin et al., 1990; Clore 
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and Gronenbom, 1991). The r.m.s. difference of C° atoms of the 
ordered polypeptide (residues 9—68} between GRO/MGSA and 
IL-8 NMR structure (see Fig. 1 for sequence alignment) is 2.06 
A (secondary structure regions (residues 25-29, 39-44, 48—51), 
1,18 A; residues 12-23, 2.98 A; residues 32-37, 2.2 A). 

Structure and Function — The protein fold of GRO/MGSA is 
essentially the same as that of IL-8, but the less restrained 
regions are different from IL-8. Differences in the COOH-ter- 
minal helix and the dimeric interactions are apparent, but 
these are not considered to be important for receptor binding by 
analogy with IL-8 (Clark-Lewis et al., 1991b; Rajarathnam et 
al., 1994a). The ELR motif is more restrained and has helical 
propensity that is not apparent in IL-8, the NH 2 -terminal loop 
(residues 12-23) is smaller, and the kink at Pro-31 and Ala-36 
is less severe than in IL-8. Since these regions of IL-8 have been 
shown to be important for receptor binding (Clark-Lewis et al., 
1994), the structural differences in these regions could contrib- 
ute to the differences in receptor binding and selectivity. Struc- 
ture-function analysis of IL-8 and NMR studies of IL-8 analogs 
suggests that the protein core provides a scaffold for presenta- 
tion of the NH^- terminal to the receptor (Rajarathnam et al. , 
1994b). The GRO/MGSA and IL-8 structures suggest that the 
similarity of the protein fold enables these chemokines to be 
cross-reactive, but differences in the flexible regions are likely 
to determine the receptor selectivity. 
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Liposome encapsulated daunorubicin doubles 
anthracycline toxicity in cell lines showing a 
non-PGP related multidrug resistance 

Sir, 

DaunoXome (DNX) is a liposomal formulation of 
daunorubicin (DNR) developed by NeXstar with the 
aim of targeting the drug to tumors since liposomes 
have a better chance of penetrating the leaky vascula- 
ture of neoplastic tissues than the vasculature of nor- 
mal tissues." In a previous work it was observed that 
in cell lines showing PGP overexpression, DNX pro 
duced more DNR accumulation and higher toxicity 
than the conventional drug (free DNR) suggesting that 
liposomal anthracyclines could be suitable for treat- 
ment of PGP-positive leukemias. 2 In order to test the 
capacity of DNX to counteract DNR-resistance mech- 
anisms associated with defects in cellular anthracy- 
cline accumulation other than PGP overexpression, a 
couple of drug-selected cell lines showing a multidrug 
resistance (MDR) and multidrug resistance protein 
(MRP) (GLC4-ADR1 50) or lung resistance-associated 
protein (LRP) (SW1 573/2R1 20) overexpression were 
tested. The cellular time- and dose-reiated accumula- 
tion of DNX against free DNR were assayed by flow 
cytometry while the drugs' toxicity was tested by a 
MTT-microcultured tetrazolium colorimetric assay. 2 
After 7 days of continuous exposure to the drugs, the 
toxicity of DNX was about 2.5 fold higher than that of 
the free DNR in both the drug-selected lines (Table 1 
and Figure 1 A and B) . In contrast to data observed in 



Table 1. Inhibition dose 50 (I Dm, ng/mL, mean ± 2SD of at 
least three tests) for liposomal DNR (DNX) and conventional 
(free DNR) daunorubicin. The cells' growth was assayed by 
the MTT tetrazolium colorimetric test after a 7-day culture in 
the presence of increasing doses or the anticancer drug with 
or without the addition of MDR modifiers. The !D 5 o was cal- 
culated from the dose-response curves. The resistance index 
(Rl) was calculated by dividing the IDso of the MDR sublines 
SW1 573/2R120 and GLC4-ADR1 50 by the ID S0 of the respec- 
tive non -MDR lines SW1573 and GLC4. 
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PGP-overexpressmg cell lines, 2 cellular accumulation of 
the anthracycline was comparable when the LRP-over- 
expressing line SW1 573/2R1 20 was treated with DNX 
or with free DNR. The MRP-overexpressing GLC4- 
ADR1 50 showed only a trend towards a greater DNR 
accumulation when exposed to DNX compared to free 
DNR (Figure 1 C and D). According to data reported 
by Forssen et a!,, it could be hypothesized that the 
mechanism of the higher toxicity of DNX in cell lines 
with non-PGP related MDR could be a shift in nucle- 
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Figure 1 . Dose-response curves for the two 
cell lines GLC4 ADR 150/ GLC4 (panel A) and 
SW1573/2R120/ SW1573 (panel B). In the 
two non-MDR lines GLC4 and SW1573 (open 
squares) the toxicity of daunoxome (DNX) par- 
allels that of free DNR. In the two MDR vari- 
ants GLC4-ADR 150 and SW1573/2R120 
(closed squares) DNX is about 2.5 fold more 
toxic than the free drug (DNR). Panels C and 
D show the time- and dose-dependent cellular 
drug accumulation in the MRP overex pressing 
GLC4-ADR1 50 (closed squares) and in its 
parental non-MDR GLC4 cell line (open 
squares) assayed by flow cytometry. To test 
the relationship between the time of exposure 
to the drug and its accumulation, the cells 
were exposed for 24 hours to a fixed dose 
(300 ng/mL) of free DNR or DNX and the DNR- 
associated fluorescence was assayed at inter- 
vals (panel C). To test the relationship 
between exposure to the drug and its accu- 
mulation, the cells were exposed to increasing 
concentrations of free or liposomal DNR and 
the anthracycline-associated fluorescence 
was assayed after 24 hours of incubation (pan- 
el D). 
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us /cytoplasm distribution.^ In fact, differently from 
PGP, LRP is primarily located in the cytoplasm 4 where- 
as MRP has been found both at the surface of the cel- 
lular plasma membrane, in the cytoplasm and in the 
Golgi region. '' b An additional part of this study was to 
compare the toxicity of DNX to that of a combination 
of free DNR plus MDR modifiers, in cell lines showing 
a non-PGP related MDR. In these MDR cell lines, the 
addition of MDR modifiers, such as D-verapamil or 
SDZPSC833, to free DNR only marginally increased 
the drug's toxicity. Moreover, this increase was small- 
er than that observed by substituting free DNR with 
DNX (Table 1). In conclusion, this work shows that 
the liposomal formulation of DNX doubles DNR toxi- 
city in cell lines with an MDR associated overexpression 
of MRP or LRP. The increase in DNR toxicity due to the 
liposome encapsulation is higher than that produced 
by adding 5DZPSC833 or D verapamil to free anthra- 
cycline. These data support the ongoing research into 
the use of liposomal anthracyclines for the treatment 
of acute non-lymphocytic leukemia, considering that, 
even at disease onset, myeloid blast cells often show 
defects in drugs accumulation associated with co-over- 
expression of both PGP and LRP. ' 10 
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Chronic myeloid leukemia in chronic phase 
with a partial trisomy 9 mosaicism 

Sir, 

We report a case of CML in chronic phase in a 72- 
! year old woman with a previous history of heart dis- 
i ease and atria) fibrillation. She had a pronounced 
i leukocytosis with a WBC count of 254x10 9 /L, 1% of 
I blasts and 1 0% of basophils. Her hematocrit was 33% 
I and platelet count 370x10 9 /L. Neutrophil alkaline 
j phosphatase (NAF) activity was absent. Bone marow 
i cellularity was increased and the myeloid/erythroid 
ratio was 1/2, The marrow contained 1% of blast cells, 
Cytogenetic study, applying G-band techniques, of 
the bone marrow revealed the presence of two differ- 
ent cell lines: 60% of the metaphases analyzed were 
, 46,XX,Ph while the remaining 40% had 47 chromo- 
somes and Ph, the excess chromosome being a chro- 
mosome 9 with an interstitial deletion in its long arms. 

Fluorescence in situ hybridization (FISH) was per- 
formed on chromosome preparations with two dif- 
ferently labeled bcr/abl translocation DNA probes 
(Vysis LSI bcr/abl tp). A total of 100-150 cells 
i (metaphase and interphase) were counted. The exis- 
tence of three signals was proved by the ABL probe, 
one hybridized to chromosome 9, another to the 
deleted 9 and the classic ABL/BCR fusion, in its nor- 
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OVERCOMING PGP-RELATED MULTIDRUG RESISTANCE. 

THE CYCLOSPORINE DERIVATIVE SDZ PSC 833 CAN ABOLISH THE 

RESISTANCE TO METHOXY-MORPHOLYNIL-DOXORUBICIN 

Mariagrazia Michieli, Daniel a Damiani, Angela Michelutti, Cristina Melli, Anna Ermacora, 
Antonella Geromin, Renato Fanin, Domenico Russo, Michele Baccarani 

Division of Hematology, Depart mem of Clinical and Morphological Research and Department for Bone Marrow 
Transplantation, University Hospital, Udinc, Italy 



ABSTRACT 

Background. The results obtained so far in studies designed to neutralize P glycoprotein (PGP)- 
related multidrug resistance (MDR) by using MDR reversal agents, have not yet fulfilled the 
promise of the experiments which were performed in vitro. In order to improve PGP-related MDR 
neutralization, we tested in vitro the activity of the cyclosporine derivative SDZ PSC 833 (PSC) 
together with doxorubicin (DOX) and with two new DOX derivatives named 4' iodo 4' deoxy-dox 
orubicin (IODODOX) and methoxy-morpholynil-doxorubicin (MMDOX, FCE 23762) using four 
different human cell lines and their multi drug resistant variants. 

Methods. Anthracycline toxicity was evaluated by using the MTT method after a 7-day culture 
with continuous exposure to the antitumor drugs with or without the addition of PSC. 

Results. PSC significantly downmodulated the toxicity of all three anthracyclines in all the four cell 
systems. However, despite the great increase caused by PSC in the toxicity of DOX and a more mod- 
est effect on the toxicity of the two DOX derivatives, this MDR reversal agent could only completely 
block the PGP mediated MMDOX resistance whereas DOX refractoriness was only decreased. 

Conclusions. The combination of MMDOX or IODODOX with PSC 1.6 pM is more efficient than 
the combination of DOX plus PSC for the full reversion of PGP-mediated drug resistance. Careful 
clinical studies are required to evaluate if these associations can also effectively and safely neutralize 
MDR in vivo. 



Keywords: multidrug resistance, P- glycoprotein, reversal agents, anthracyclines 



A number of experimental studies showed 
that the multi drug resistance (MDR) 
caused by the overexpression of the P- 
glycoprotein (PGP), can be successfully blocked 
in vitro by several different methods including 
the use of a wide range of drugs named MDR 
reversal agents. 1 s However, the results of the 
pilot clinical trials designed to overcome MDR 
in vivo did not fulfill the promise of previous in 
vitro observations/'" While this could reflect a 
limited clinical relevance of the MDR phenom- 
enon, the scarce results obtained in these clini- 
cal trials could also be explained by the use of 
inappropriate MDR reversal agents or by an 
inappropriate association with antitumor 



drugs. In fact, in these first studies drugs as ver- 
apamil, quinidine or cyclosporine A were used 
as MDR reversal agents. It should be noticed 
that these drugs were not originally designed 
for the neutralization of the MDR phenome- 
non. Thus, in the majority of the studies the 
doses of these modulators were below those 
required to achieve effective inhibition of PGP 
function in vitro, because of their dose-limiting 
toxicity. Moreover, all the studies that were per- 
formed up to now tried to downmodulatc the 
resistance to drugs that, like doxorubicin, 
daunorubicin, etoposide or vincristine, are 
quickly captured and efficiently pumped out by 
the PGP/ lc In the past 20 years, many efforts 
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were devoted to select new reversal agents lack- 
ing the dose limiting toxicities and to synthesize 
new antitumor derivatives that are not trans- 
ported by the P-glycoprotein. 17 " With the aim 
of optimizing the neutralization of PGP-MDR 
through the use of reversal agents, we tested 
two lyphofilic doxorubicin (DOX) derivatives 
that are more toxic than the parent compound 
against MDR cells, namely 4'iodo 4'deoxy DOX 
(IODODOX) and methoxy-morpholynil DOX 
(MM DOX) together with the cyclosporine 
derivative SDZ PSC 833 (PSC). This is one of 
the most efficient MDR reversal agents devel- 
oped and tested so far.*"" In comparison with 
DOX, it was found that the combination of 
both compounds with PSC was highly efficient 
and could abolish PGP-related resistance. 

Materials and Methods 

Drugs 

Doxorubicin (DOX) was purchased from 
Pharmacia S.p.A. Milano, Italy. The two DOX- 
derivatives 4 'iodo4 'deoxyDOX (IODODOX) 
and methoxy-morphoIynil-DOX (MMDOX, 
FCE 23762) were a gift from Pharmacia S.p.A. 
SDZ PSC 833 was a gift from Sandoz, Basel. 
DOX and IODODOX were dissolved in water at 
100 pg/mL. MMDOX and PSC were dissolved 
in cthanol at 1 and 5 mg/mL, respectively. All 
the drugs were stored at -20° and were immedi- 
ately thawed and diluted before use. 

Cell lines 

Four systems of human cell lines were used. 
Each system included a parental, drug sensitive, 
line without the amplification of the mdr-1 gene 
and PGP overcxprcssion, and one drug-selected 
MDR variant with mdr-1 gene amplification and 
PGP overcxprcssion. The first cell system includ- 
ed the acute myeloid leukemia HL60 cell line and 
its daunorubicin-selected variant HL60DNR. 34 
The second system included the acute lympho- 
cytic leukemia cell line CCRFCEM and its vin- 
blastine-selected variant CEMVLB300. 2:i The 
third system included the colon adenocarcinoma 
cell line LOVO109 and its DOX-selected variant 
LOVODOX" The fourth system included the 



breast cancer cell line MCF7 and its DOX-select- 
ed variant MCF7DOX. 3 ' All cell lines were cul- 
tured at 37°C in a humidified atmosphere of 5% 
CO,, and maintained in an exponential growth in 
RPMI 1640 (Biochem KG Seromed) with 10% 
heat -inactivated foetal calf serum (Biochem KG 
Seromed), 2 mM glutamine solution. 100 U/mL 
penicillin and 100 pg/mL streptomycin 
{Biochem KG Seromed). A selected pressure of 
The appropriate antiblastic drug (HL60DNR, 
daunorubicin 0.4 pg/mL; CEMVLB300, vinblas- 
tine 0.3 pg/mL; LOVODOX, DOX 0.2 ug/mL: 
MCF7DOX, DOX 0.2 pg/mL) was constantly 
maintained just for the MDR cell lines. Before 
each drug sensitivity assay the PGP expression 
and the expression of other MDR-associated 
proteins (lung resistance protein or LRP, mul- 
tidrug resistance-associated protein or MRP) and 
of the GST71 enzyme were evaluated by a flow 
cytometry assay by using the MRK-16 (Kamiya), 
the LRP 56 (Kamiya), the MRPm6 (Kamiya) and 
the GSTn (Dako) monoclonal antibodies. PGP 
was evaluated as described further on. 3536 The 
LRP56, the MRPm6 and the GSTti monoclonal 
antibodies were used following the company 
guidelines. To quantitate the expression of these 
MDR associated proteins, the number of the 
MoAbs bound sites per cell was evaluated by 
using the Quantum Simply Cellular Kit (Sigma). 
The results were expressed in units of antibody 
binding capacity (ABC) as required for this 
method. Before the experiments the non MDR 
parental cell lines had an ABC of 177xlO J 
(HL60). 98x10' (CCRFCEM), 65xl0 3 (LOVO 
109) and 38xl0 3 (MCF7) . The respective MDR 
cell lines had an ABC of 3650xl0 3 (HL60DNR), 
1477x10' (CEMVLB300), 6903x10^ (LOVO- 
DOX), and 7517xl0 3 (MCF7DOX). No drug 
selected ceil line variants overexpressed LRP. 
MRP or GSTtc in comparison with the respective 
parental sensitive cell lines, except LOVODOX, 
whose reactivity to LRP56 was about three times 
more than in LOVO 109. 

Drug sensitivity assay 

Cell growth in presence or absence of drugs 
was determined by using the MTT-microcul- 
tured tetrazolium colorimetric assay, as 
described elsewhere. 24 25 Briefly, exponential 
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growing cells were harvested, washed twice in 
RPMI 1640 (Biochrom KG Scromed), checked 
for their vitality through the tripan blue exclu- 
sion test, and plated into 96 well microtiter 
plates at the required concentration in 200 pL of 
a complete culture medium (RPMI 1640 plus 
10% fetal calf serum. 2 mM glutamine solution, 
penicillin and streptomicin) . After a 24-hour 
incubation, ever increasing doses of anthracy- 
clines (0.5-3000 ng/mL) with or without PSC 
1.6 pM were added. Cell growth was evaluated 
after a 7-day incubation at 37°C and 5% C0 2 , by 
using 50 pL per well of the MTT solution (5 
mg/mL). Formazan crystals were dissolved in 
DMSO and their optical density (OD) was read 
at 540 nm. As required, wells containing no 
drugs or containing PSC were used to control 
cell viability. Wells containing no cells were used 
to blank the spectrophotometer (Novapath 
Microplatc Reader, BioRad). The inhibition 
dose (ID) was calculated according to Pieters et 
a/. 37 by the following equation, where ID=(mcan 
OD treated wells/mean OD control wells) xlOO. 
Every point of the dose-response curves was the 
mean of three tests at least. The ID S0 was defined 
as the drug dose that inhibited the cell growth to 
50% of the control. The resistance index (RI) 
was calculated by dividing the ID 50 of the MDR 
cell line with the ID 50 of the respective non 
MDR cell line. 

Results 

For all the MDR and non MDR cell lines the 
dose response curves obtained by testing the 



toxicitv of all the anthracyclines in presence or 
in absence of PSC, were drawn to calculate the 
inhibition dose 50 (ID.- )0 ) and the resistance 
index (RI). Table 1 summarizes all the ID r>() 
obtained testing DOX. As expected DOX was 
several times less toxic in the MDR cell lines 
than in the parental ones. In the parental cell 
lines PSC was inactive, whereas in resistant cells 
PSC the resistance to DOX was substantially 
decreased. In fact, in the MDR cell lines the 
ID50 fell from 433 to 27 ng/mL (CEMVLB300), 
from 1477 to 30 ng/mL (HL60DNR), from 718 
to 15 ng/mL (LOVODOX) and from 1230 to 48 
ng/mL (MCF7DOX) (Table 1). However, 
despite the impressive reductions of the ID 5t , 
caused by PSC. in the MDR cell lines the sensi- 
tivity to DOX never reached the level of the 
respective parental lines. A possible exception 
was LOVODOX. Table 2 reports the toxicity of 
lODODOX alone or in presence of PSC in the 
MDR and non MDR cell lines. In the MDR cell 
lines, lODODOX was by itself more toxic than 
the parental agent DOX. In fact, as shown in 
Table 2. the RI was 9.4 for the CEM system 
(CEMVLB300/CCRFCEM) , 17.7 for the HL60 
system (HL60DNR/HL60), 4 for the LOVO sys- 
tem (LOVODOX/LOVO109) and 3 for the 
MCF7 system (MCF7DOX/MCF7) . Once again 
the addition of PSC increased the anthracycline 
toxicity only in the MDR cell lines. Thus, the 
ID 50 s of lODODOX fell from 18 to 7.7 ng/mL in 
CEMVLB300, from 55 to 6.8 ng/mL in 
HL60DNR, from 26 to 9.9 in LOVODOX and 
from 57 to 26 ng/mL in MCF7DOX. Therefore, 
for lODODOX an almost complete neutraliza- 



MDR/non MDR 
cell linos 



CEM VLE300/CCRP CEM 
HL60 DNR/HL60 
LOVO DOX/LOV0109 
MCF7 D0X/MCF7 



Doxorubicin 



Inhibition Dose 50 Resistance index 
(ng/mL) 



433/5.5 
1477/7.6 
718/8.6 
1230/10 



79 
194 
83 
123 



Doxorubicin 
Plus PSC 1 6uM 



Inhibition Dose 60 Resistance Inrta 
(ng/mL) 



27.0/5.4 
30.0/7.2 
15.0/8.0 
48.0/9.2 



5.0 
4.2 

1.8 
5.2 



Table 1. Inhibition dose^rj {I D &0 ) 
and resistance index (RI) 
obtained testing doxorubicin 
with or without PSC 1 6 uM in 
the MDR and non MDR cell 
lines In all the MDR cell lines 
PSC significantly increased dox- 
orubicin toxicity However this 
MDR reversal agent could not 
neutralize completely the resis- 
tance to doxorubicin, with a 
possible exception for the 
L0V0D0X/L0V0109 system, 
where the RI became close to 1 
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lodo-doxorubicm 



lodo-doxorubicm 
Plus PSC 1.6 uM 



MDR/non MDR 
cell lines 



CEM VLB300/CCRF CEM 
HL60 DNR/HL60 
LOVO DOX/LOV0109 
MCF7 D0X/MCF7 



Inhibition Dose 50 Resistance Index 
(ng/mL) 



18 OH 9 

55 0/3 1 
26 0/6 5 
57 0/19 



94 

17.7 
40 

3 0 



Inhibition Dose 50 
(ng/mL) 

7.7/1.3 
6.8/2.8 
9 9/6 2 
?6 0'*9 0 



Resistance Index 

5.9 
2.4 
1 6 
1 4 



Table 2 Inhibition dose 50 (IDjq) 
and resistance index (Rt) 
obtained testing iodo-doxoru- 
btcin with or without the addi- 
tion of PSC 1.6 uM in the MDR 
and non MDR cell lines The 
addition of PSC decreased all 
the ID 50 in all the MDR cell 
lines A Rl closed to one was 
obtained in LOVODO)C/LOV0109 
and MCF7DOX/MCF7 systems 



MDR/non MDR 

cell lines 



CEM VLB300/CCRF CEM 
HL60 DNR/HL 60 
LOVO D0XA0V0109 
MCF7 D0X/MCF7 



Methoxy-morpholynii doxorubicin 



Methoxy-morpholynil doxorubicin plus 
PSC 1 .6 pM 



Inhibition Dose 50 Resistance Index Inhibition Dose 50 Resistance Index 



[ng/mL) 



7.8/4 4 
27.2/3.4 
21 .6/6 8 
17.0/13 0 



1.7 
8.0 
3.1 
1.3 



(ng/mL) 



2.8/4 A 
6.8/36 
8.4/64 
15.3/13.3 



0.6 
1.9 
1.3 
1.2 



Table 3 Inhibition dose 50 (ID^q) 
and resistance index (Rl) 
obtained testing methoxy-mor- 
pholynit doxorubicin in presence 
or in absence Df PSC 1 .6 uM in 
the MDR and non MDR cell 
lines. MMDoxorubicin was very 
toxic against MDR cells also 
when it was used alone. When it 
was used together with PSC, 
the Rl become close to 1 in all 
four cell systems, showing that 
this combination had the 
potential of abolishing PGP- 
related resistance. 



tion of PGP activity, that means a Rl close to 1, 
was obtained in LOVODOX/LOVO 1 09 (Rl = 
1.6) and in MCF7DOX/MCF7 (Rl = 1.4) cell 
lines. Table 3 summarizes the results obtained 
with MMDOX. In the drug resistant cell lines 
MMDOX itself was highly toxic. Its power was 
particularly evident in MCF7DOX and in 
CEMVLB300 where the dose response curves of 
MMDOX alone were very close to the curves 
obtained in the respective parental cell lines 
(Figure 1). The coincubation of this anthracy- 
cline derivative with PSC further increased 
MMDOX toxicity in the MDR cell lines so that 
the addition of PSC could almost completely 
neutralize the residual resistance to MMDOX 
(Table 3 and Figure 1). 

Discussion 

SDZ PSC 833 (PSC) is a novel non immuno- 
suppressive analog of cyclosporine. It was 
recently completed phase- 1 trials which show 
that at the maximum tolerated dose plasma lev- 
els ranged between 2 and 4 ug/mL (1.6-3.2 



pM).'' J,28,2 ' J Laboratory studies showed that at 
these concentration ranges PSC can provide 
highly efficient chemosensitization, but also that 
a complete MDR elimination may be compro- 
mised by a high overexpression of the mdr-1 
gene. ,s "^ 3:1 The new anthracyclines IODODOX 
and MMDOX where shown to be very powerful 
DOX derivatives. 38 " 1 Compared to their drug 
parent, they are characterized by a higher 
lipophtlicity which seems to be the basis of their 
rapid spreading through the cell membrane and 
also by their higher intracellular accumulation in 
MDR cells. 33 - 40 - 42 -" With the aim of optimizing the 
neutralization of PGP-related MDR through the 
use of reversal agents we selected the two best 
available DOX derivatives (IODODOX and 
MMDOX). We tested their toxicity in compari- 
son with DOX, with or without the addition of 
PSC in an experimental model of four different 
human cell line systems, including a sensitive 
line and a PGP-overexpressing MDR variant. 
Our findings confirmed prior reports, showing 
that both DOX derivatives alone were more toxic 
than DOX in the MDR cell lines. 25 2(1 Ai 4B However, 
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MMDOX ng/mL MMDOX ng/mL 



Figure 1 Dose response curves of methoxy-morpholynil doxoruvicin (MMDOX) with (open symbols) or without (closed symbols) SDZ PSC 833 (PSC) 1 6 uM in the 
four cell systems which were composed of parental, drug sensitive, line (CCRfCFJM L0V0109, MCF7, HL6D) and its drug-selected MOR variant {C[MVLB3O0, 
LOVODOX, MCF7D0X, HL60DNR). In the drug -resistant cell lines (closed circles}. MMDOX was less toxic than in the parental cell lines (closed triangles). In all 
the four MDR-resistant cell lines the addition of MMDOX increased the toxicity of MMDOX and almost completely neutralized PGP related resistance. 



to completely remove the amhracycline resis- 
tance caused by PGP in an experimental model 
based on MDR positive and negative cells, it is 
necessary that in the presence of the reversal 
agent, the ID 50 of the MDR positive cell line vari- 
ant must equal the ID 5U of the parental line. In 
other words, the RI must fall close to 1. In our 
example, PSC at 1.6 pM which was shown to be 
a safely achievable concentration also in vivo, 
was inactive in the non MDR cell lines, while it 
influenced the toxicity of all the anthracyclines 
in the MDR cell lines. The power of PSC in 
blocking PGP was particularly evident when it 
was used in combination with DOX. In fact this 
association could reduce DOX ID 50 more than 
15 fold, while the ID 5C of IODODOX and 
MMDOX was only reduced by 2-5 folds. 
However, despite the great effect in sensitizing 
DOX and the apparently modest effect in sensi- 
tizing DOX derivatives, when the toxicity of the 
anthracyclines plus PSC in the MDR cell lines 



was compared with the toxicity in the non MDR 
cell lines, it emerged that only MMDOX resis- 
tance could be almost completely abolished. On 
the contrary, resistance to DOX only decreased. 

A possible exception was LOVODOX; in this 
cell line, PSC was highly efficient in blocking 
PGP, and in the case of DOX it could reduce the 
RI to almost 1 . The discrepant effect of reversal 
agents in counteracting the drug resistance to 
different drugs in different cell lines has already 
been described. 10 A possible explanation could 
be that cell lines selected with a positive drug 
pressure can simultaneously develop different 
mechanisms of resistance. In our cell lines, an 
amplification of the mdr-1 gene has already been 
described and a high PGP overexpression was 
confirmed in our laboratory by using the MRK- 
16 MoAb and functional assays." " To better 
define the mechanisms of MDR in our cell lines, 
other possible MDR factors were investigated. 
This screening included the evaluation of the 
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expression of two other drug transporter pro- 
teins which belong to the ATP binding cassette 
supcrfamily, called the lung resistance protein 
(LRP) 50 and the multidrug resistance-associated 
protein (MRP), 11 as well as the study of the 
expression of the enzyme GSTrt,^ We found that 
only LOVODOX displayed a modest increase of 
the LRP. Therefore, the results that were 
obtained in this study can apply specifically only 
to PGP-related MDR. Our observations show- 
that PGP-related MDR can be almost completely- 
removed by using PSC. even when tested cells 
have a very high PGP expression, if the parent 
drug DOX is substituted by its more lipophilic 
derivatives. This suggests that PSC is more effi- 
cient when it is used in association with drugs 
which by themselves can partially avoid the P- 
glycoprotein transport. Concerning the possible 
clinical application of these data, preliminary 
studies have already described the toxic, meta- 
bolic and pharmacokinetic properties of 
IODODOX, MMDOX and PSC respective- 
jy _is.25.5j -sr. However, it must be pointed out that in 
vitro studies can describe and clarify the antitu- 
mor effect of a single drug or of a combination 
of drugs, but they can not predict therapeutic 
results and in vivo side- effects. Moreover, from 
the preclinical studies with reversal agents, 
including PSC, performed until now, we have 
learnt that the introduction of agents blocking 
the PGP-mediated drug efflux can also alter the 
antitumor drug metabolism, its delivery to the 
tumor and the pharmacokinetic. 111 ,G7U 

We conclude that the association of PSC and 
lipophilic anthracyclines like IODODOX and 
MMDOX is worth evaluating for antitumor 
effect and for toxicity in experimental modeis 
that is in high risk, primary chemoresistant 
human tumors. 
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The Anthracyclines: Will We Ever Find a Better Doxorubicin? 



Raymond B. Weiss 



The anthracyclines are the class of antitumor drugs 
with the widest spectrum of activity in human cancers, 
and only a few cancers (eg, colon cancer) are unrespon- 
sive to them The first two anthracyclines were devel- 
oped in the 1960s. Doxorubicin (DOX) differs from 
daunorubicin (DNR) only by a single hydroxy! group. 
This fact has spurred researchers worldwide to find 
analogs of DOX that have less acute toxicity, cause 
less cardiomyopathy, can be administered orally, 
and/or have different, or greater, antitumor efficacy. 
Five DOX/ DNR analogs are marketed in other coun- 
tries, and one (idarubicin) is available in the United 
States. None of these analogs have stronger antitumor 
efficacy than the original two anthracyclines, but there 
are some differences in toxicity. Methods have been 
fashioned to keep the peak plasma level of DOX muted 
to minimize cardiotoxicity, but the only apparently 
effective method available so far (prolonged drug 
infusion) is cumbersome. The bisoxopiperazine class 
of drugs (especially dexrazoxane) provides protection 
against anthracycline-induced cardiomyopathy and has 
much promise for helping mitigate this major obstacle 
to prolonged use of the anthracyclines. The DOX 
analogs being evaluated in the 1990s have been se- 
lected for their ability to overcome multidrug resis- 
tance in cancer cells. Thirty years after discovery of the 
anticancer activity of the first anthracycline, some 
means of reducing anthracycline toxicity have been 
devised. Current studies are evaluating increased doses 
of epirubicin to improve anthracycline cytotoxicity, 
while limiting cardiotoxicity, but at present DOX still 
reigns in this drug class as the one having the most 
proven cancerocidal effect. 

This is a US government work. There are no restric- 
tions on its use. 

THE BI FUNCTIONAL alkylating agents 
were the first drugs proven to have clinical 
anticancer activity. One of them, cyclophospha- 
mide, remains one of the most widely used 
drugs today, even though it was synthesized 
nearly 40 years ago. The other most widely used 
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class of antitumor agents today is the anthracy- 
clines, and few patients with malignancies do 
not receive one of the anthracyclines at some 
point in their clinical course. The history of 
these drugs also goes back to the 1950s. 

Farmitalia Research Laboratories of Milan, 
Italy (now part of the Montedison Group con- 
glomerate) began an organized effort in the 
mid-1950s to find anticancer compounds pro- 
duced by soil microbes. In 1958, a Farmitalia 
employee collected a random soil sample from 
the grounds of the Castel del Monte, a 12th- 
century' castle that is a local tourist attraction 
near Andria in southeastern Italy. From this soil 
sample was grown a newly recognized species of 
Streptomyccs, which produced a bright red pig- 
ment. Di Marco isolated an antibiotic from this 
fungus 1 that had striking activity against a wide 
spectrum of murine cancers. : It also had antifun- 
gal and antibacterial properties, but it was 
selected for clinical development because of its 
antitumor effects. Di Marco ct al named this 
antibiotic daunomycin, using the name (Daunii) 
of a prc-Roman tribe that once resided in the 
Andria region. 

Also in the early 1960s, Dubost et al at the 
laboratories of Rhonc-Poulenc in suburban Paris 
independently isolated a new antibiotic from a 
different species of Strcptomyces that also pro- 
duced a red pigment. 3 They named their new 
antibiotic rubidomycin, using the French word 
rubis, for ruby. On public presentation of their 
new discoveries, both groups of researchers 
recognized that they had identified the same 
substance. The term daunorubicin (DNR) was 
later coined and adopted as the international 
nonproprietary name (INN) to give equal credit 
to both discoverers. By accepted convention, all 
new anthracyclines are given the suffix of 
"rubicin" in the INN system. The name anthra- 
cycline was created by Brockman in the late 
1950s based on the presence of an anthraqui- 
none chromophore and the polycyclic ring sys- 
tem in the chemical structure, which is similar 
to that of tetracycline. 

Clinical trials of DNR began in 1964 in the 
respective countries of origin and at the Memo- 
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rial Sloan-Kettering Cancer Center in the United 
States. At this time, hematologists treating leu- 
kemia and lymphoma were usually the only 
physicians who used drugs for cancer, and DNR 
was tested mostly in patients with these dis- 
eases. This circumstance was actually serendipi- 
tous because DNR was found by Tan to have 
high activity for acute leukemia, 4 and this can- 
cer is still the only one for which it is effective. 
By 1967, French and American investigators 
recognized that DNR could produce fatal car- 
diac toxicity, 4 5 which is still the major obstacle 
for prolonged use of anthracyclines. 

Comparison of the structure of DNR to an 
anthracycline predecessor of DNR (rhodomy- 
cin) showed the Farmitalia investigators that 
minor changes in the chemical structure could 
alter the biological activity of this drug class. A 
colleague and collaborator of Di Marco, Ar- 
camonc, then began an effort to develop ana- 
logs of DNR that might also have antitumor 
effects. Arcamone et a I subjected the Streptomy- 
ccs that produced DNR to the mutagenic effects 
of N-nitroso-N-mcthyl urethane and derived a 
strain that produced a different red-colored 
antibiotic/ 1 Arcamone named this substance 
Adriamycin after the Adriatic Sea, which is only 
a few kilometers from the Castel del Monte. 
Because Adriamycin was a registered trade 
name, the INN doxorubicin (DOX) was later 
coined for this new agent. Di Marco et al 
showed that DOX had greater activity than 
DNR against some murine cancers and a better 
therapeutic index. 7 

DiMarco, who had moved to the Istituto 
Nazionale Tumori in Milan, then took a puri- 
fied supply of Adriamycin for study to his 
clinical colleague, Bonadonna. Serendipity again 
played a strong role because the first patient 
treated with this new drug by Bonadonna had a 
metastatic fibrosarcoma.* After one dose of the 
drug this patient's pulmonary metastases re- 
gressed. Twenty-five years later, DOX is still the 
most active drug available for treatment of 
sarcomas. The subsequent high antitumor activ- 
ity of DOX observed by Bonadonna et al 4 was 
confirmed by Tan et al 10 and many others in the 
United States. In 1974, only 6 years after the 
first patient received this drug, DOX was ap- 
proved for marketing in the United States. 



671 

DOX remains today the antitumor agent with 
the widest spectrum of antitumor activity. The 
world of oncology owes a large debt of gratitude 
to the Italian investigators, Di Marco, Ar- 
camone, and Bonadonna, who led the research 
with these two anthracyclines in the 1960s. 

There is a difference of only a single hydroxy! 
group between the chemical structures of DNR 
and DOX, in otherwise complex molecules. 
Despite the minor difference in structure, there 
is a great difference in clinical antitumor activ- 
ity. DNR has little activity in carcinomas and 
sarcomas, 11 whereas DOX is one of the most 
effective drugs for these cancers. However, 
there arc a few cancers where DOX is ineffec- 
tive (eg, colon cancer, melanoma, chronic Ieuke- 
mias, and renal cancer). In addition, the cumu- 
lative cardiotoxicity limits the duration of DOX 
use to approximately 9 months at usual doses, 
and most cancers will develop resistance to it. 

The singular success in developing DOX and 
its limitations in clinical use have been the basis 
for investigators worldwide trying to develop a 
better DOX. This research has followed three 
major pathways. One has been the creation of 
new anthracycline analogs, in hopes of emulat- 
ing the success of Arcamone. This process has 
continued from the 1960s to the present, and 
will into the future. No one has kept count of 
the new anthracycline analogs synthesized over 
the past 25 years, but it probably numbers well 
in excess of 2.000. and more are reported every 
month. Over 400 analogs have been synthesized 
in one group (the AD series) alone (personal 
communication, Mervyn Israel, July 1992), and 
553 had been evaluated in the screening pro- 
gram at the National Cancer Institute (NCI) by 
1991 (personal communication, Edward Acton, 
September 1991). Another method has been to 
administer some agent in conjunction w ith DOX, 
either to protect against cardiotoxicity or to 
overcome drug resistance by the cancer. Finally, 
DOX has been modified "mechanically" (eg, by 
the use of liposomes) to minimize heart expo- 
sure to the drug while maintaining antitumor 
efficacy. The major question to be addressed in 
this article is, have (or will) any of these meth- 
ods really given us a better DOX. Although 
there have been many failures in the attempts to 
improve on DOX, in the past few years some of 
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the developments allow a qualified "yes" to this 
question. 

DOXORUBICIN (DOX) ANALOGS 

The scientific and commercial success of 
Arcamone in adding a single hydroxy! group to 
an active drug and turning it into DOX has been 
the driving force for developing other new 
anthracycline analogs. Analogs have been ob- 
tained from fungi isolated from soil samples or 
rationally synthesized based on known structure- 
activity relationships. A variation of the fungal 
isolation method is to subject the parent Strepto- 
myces organism to mutagens so that new com- 
pounds are created from genetic code modifica- 
tions. Most of this work has been done in 
Europe and Japan, and the only clinically suc- 
cessful analogs developed so far have come 
from Italy and Japan. The focus of such analog 
development has been to find an anthracycline 
that is less cardiotoxic, is more able to be 
absorbed orally, has less acute toxicity, or has 
activity in cancers resistant to DOX. In the past 
23 years, such a search has led to creation of 
several dozen anthracyclines with promise for 
clinical advantages that unfortunately were not 
borne out in clinical studies. Table 1 lists some 
of these agents and the reasons why they are no 
longer in clinical trial. There are other anthracy- 
cline analogs that either are marketed or in 
current trials and have promise for advantages 
over DOX. These will be discussed individually. 



Table 1. Some Anthracyclines Tested Clinically and Found to 
Have No Advantages Over DOX 



Name 


Findings in Clinical Studies 


Carminomycin 


Antitumor activity appears inferior to DOX. 


Detorubicin 


Synthesis difficult. No advantages over 




DOX. 


Esorubicin 


Antitumor activity appears inferior to DOX. 




No less cardiotoxic than DOX. 


Marcellomycin 


Myelosuppression erratic in phase 1 trials. 




No phase II trials performed. 


Quelamycin 


Phase 1 trials showed both acute and chronic 




iron overloading toxicity resulting in he- 




machromotosis. No phase II trials per- 




formed. 


Rodorubicin 


Phase 1 trials showed both cardiotoxicity 




and nephrotoxicity. No phase II trials per- 




formed. 



NOTE. None of these anthracyclines are in current clinical 
use. 

Abbreviation: DOX, doxorubicin. 



Idamhicin 

The only anthracycline marketed in the 
United States besides DNR and DOX is idaru- 
bicin (IDA). This agent was synthesized by 
Arcamone 12 in 1976 and is actually a DNR 
analog because its only difference from DNR is 
the deletion of the methoxyl group at the C-4 
position on Ring D. The INN was derived from 
its Italian name, 4-d erne tossida unombicin a. An- 
imal tumor studies were conducted to compare 
IDA with its parent, DNR, and they showed 
that IDA had greater antitumor activity at lower 
drug concentrations. i: IDA was found to have 
higher affinity for lipids than other anthracy- 
clines, which suggested that good oral absorp- 
tion was possible. Because both DNR and DOX 
are poorly absorbed orally and must be adminis- 
tered intravenously, oral administration of IDA 
might provide a distinct advantage. 

Phase I trials of IDA in both intravenous and 
oral formulations showed that an approximately 
3.5 X greater dose of IDA orally was necessary 
to produce an equivalent myelotoxic effect to 
that of the intravenous drug. Phase II trials with 
both formulations indicated that IDA was ac- 
tive in acute leukemias (both myeloid and 
lymphatic) and some carcinomas, notably breast 
cancer. 11 As might be expected, the response 
rates were highest in patients who had not 
previously received an anthracycline. 14 

Although oral IDA has been studied in pa- 
tients with acute leukemia, there is no advan- 
tage to this administration route in a disease 
where insertion of a central venous access 
device is standard procedure as soon as the 
diagnosis is made. However, the activity of 
intravenous IDA in acute myeloid leukemia 
(AML) naturally raised the question, is it any 
better than the parent compound? Only prospec- 
tive randomized trials comparing IDA with 
DNR, both in conjunction with cytarabine, 
could answer this question. There have been 
four such major randomized trials comparing 
these drugs vis-a-vis, each in a slightly different 
dose and/or age population. 15 ,6 The results in 
these studies are not consistent. Two of the four 
studies showed a statistically significant advan- 
tage for IDA in complete remission rate and 
two did not. In the three studies where the data 
were provided, none showed any difference in 
median duration of response. Finally, two of the 
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four studies showed no difference in surviv- 
al. 1 - 16 What is puzzling about these trials is that 
the outcomes (response rate, response dura- 
tion, and overall survival) for the IDA-trcated 
groups are not really superior to those achieved 
in a large cooperative study using DNR plus 
cytarabine for induction therapy. 17 Moreover, 
the results of the DNR-treated patients in the 
randomized trials are inferior to those in this 
cooperative study. 15 17 On the other hand, when 
there is any difference in the results of the 
randomized trials, IDA is always superior, so 
the clinician is left with uncertainty about the 
question supposedly to be solved by these stud- 
ies: does IDA have a greater efficacy than DNR, 
or is it a more expensive "me too" drug? The 
one conclusive point in these comparisons is 
that there is no meaningful toxicity difference 
between the two analogs. 

DNR is an essential component of therapy 
for acute lymphocytic leukemia (ALL), as it is in 
AML. IDA has activity in ALL at a rate equiva- 
lent to that of DNR. 15 but no randomized 
comparisons of the two analogs have been 
performed in this disease. 

Oral IDA appears to have efficacy in breast 
cancer, 14 in contrast with DNR, although DNR 
has had only cursory study in this disease. 11 If an 
oral anthracycline is effective as a palliative 
therapy for breast cancer, it would have a 
clearcut advantage over DOX. Does oral IDA 
represent the hoped-for "belter doxorubicin"? 
Unfortunately, the answer seems to be no. 

A randomized comparison of oral IDA versus 
intravenous DOX in 76 patients has shown a 
statistically significant, inferior response rate 
for the oral IDA. 1 * In patients who had received 
no prior chemotherapy, the response rate was 
60% for DOX versus 29% for IDA; in patients 
previously treated, the response figures were 
29% versus 12%. respectively. This low re- 
sponse rate of oral IDA has been observed in 
single-arm studies also. ig - 2() 

A major problem with oral IDA is the varia- 
tion in bioavailability. Stewart et al 21 showed 
that the oral bioavailability ranged from a low of 
12% to a high of 49% in a series of nine 
patients. These data indicate that there can be 
up to a fourfold difference in ability to absorb 
the drug, with commensurate variations in toxic- 
ity (especially hematologic) and antitumor effi- 



cacy. This oral bioavailability issue could be the 
explanation for the response rates in breast 
cancer being lower than DOX. 18 20 

There are some advantages to oral IDA that 
could make it attractive for use in selected 
patients. IDA has activity in indolent lympho- 
mas, 22 which is a disease where a convenient 
oral palliative drug could be useful as treatment 
for patients not responding to alkylator therapy. 
Myelodysplastic syndrome is another indolent 
disease that could be treated with oral IDA. 
IDA might be useful as part of outpatient 
treatment for chronic myelogenous leukemia or 
as maintenance therapy for AML. The apparent 
lower degree of alopecia associated with oral 
IDA 18 20 is also a worthy attribute. There also 
may be a somewhat smaller risk of cardiotoxic- 
ity, but a dose limit for heightened risk of such 
toxicity has not been established. However, 
before such oral therapy becomes recom- 
mended, it would be worthwhile to study the 
bioavailability problem in more depth. There 
may be phenotypic metabolic variations that 
could be determined before treatment, with 
commensurate adjustments in drug dose to 
minimize toxicity and maximize antitumor effi- 
cacy. The IDA patent is held by Fannitalia 
Carlo Erba. and Adria Laboratories, the Amer- 
ican subsidiary of Farmitalia. does not have 
plans at present to pursue marketing of oral 
IDA in the United States but is interested in 
trials that might find oral IDA a niche in cancer 
treatment. 

Epiiubicin (EPI) 

In their ongoing search for anthracycline 
analogs in the 1970s, Arcamone et al 21 modified 
the aminosugar moiety of DOX and created an 
epimer of the C-4' hydroxyl group on the 
aminosugar (Table 2). The positional change in 
this hydroxyl group is the sole difference from 
DOX. It was selected for further development 
because its murine and human xenograft antitu- 
mor activity was equivalent to DOX, but it had 
less cardiotoxicity. 24 These features suggested 
an improved therapeutic index over DOX. 

When phase I testing of epirubicin (EPI) was 
begun in Milan, 25 the same every 3-week sched- 
ule used with DOX was also used for this 
analog. However, the tolerable dose range estab- 
lished was 70 to 90 mg/m 2 , which is equimyelo- 



Table 2 Anthracyclines Marketed in the United States and/or Other Countries 



Name 



Chemical Structure 



Where Marketed 



Disease 'ndicanon 



Daunorubicin 



Doxorubicin 



Idarubicin 



Epirubicin 



Pirarubicin 



Aclarublcin 



Zorubicin 




Worldwide 



Worldwide 



Worldwide 
(intravenous only) 



Worldwide 
(except U.S.) 



Japan, France 



Japan, France 



France 



OCM * O OH 



■A 



Acute leukemias 



A wide cross-section of 
carcinomas, lymphomas, 
and sarcomas 



Acute leukemias 



A wide cross-section of 
carcinomas, lymphomas, 
and sarcomas 



Carcinomas, lymphomas, 
and sarcomas 



Acute leukemias and 
non-Hodgkin's lymphomas 



Acute leukemias 



N0TE - The dotted line in each chemical structure encircles the point where a difference from daunorubicin exists. The carbon atoms 
are numbered and the rings are lettered in each strucU«*-«infiguration. 
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toxic to the 60 to 75 mg/m : dose range of DOX. 
Identical to DOX, nadir blood counts occurred 
10 to 12 days after each dose with recovery by 21 
days. Pharmacokinetic studies 26 showed that 
EPI is more rapidly and extensively metabolized 
than DOX with its alcohol metabolite (epirubici- 
nol) being formed to a greater degree. In 
addition, EPI forms more glucuronides than 
DOX because of the positional change of the 
C-4' hydroxvl group. This glucuronidation facil- 
itates the excretion process.- 6 As a result, the 
terminal elimination phase of EPI is shorter 
than DOX by an average of 10 hours, thus 
producing a higher plasma clearance. These 
features of EPI pharmacokinetics are important 
clinically because they may explain the toxicity 
advantage that EPI has. 

Phased trials of EPI conducted in the 1980s 
have established the fact that EPI has activity in 
the human cancers for which DOX is active and 
is inactive in the same tumors. :7:K Because 
DOX is rarely used as a single agent, EPI also 
was evaluated in combination regimens, particu- 
larly for breast cancer. In two large prospective, 
randomized trials comparing EPI with DOX as 
part of combination therapy for metastatic breast 
cancer (both groups received cyclophospha- 
mide and 5-fluorouracil to make CAF or CEF), 
there was no difference in response rate, re- 
sponse duration, or survival. 2 *- 30 Therefore, it is 
clear that EPI has not proved to have an 
antitumor efficacy advantage over DOX and is 
disappointing in this regard. 

EPI was selected for clinical development 
because it appeared to be less cardiotoxic than 
DOX. Does EPI have any toxicity advantages 
over DOX? In considering this point one must 
keep in mind the drug doses used in any 
randomized comparison of these two anthracy- 
clines. Are the doses equimolar or equimyelo- 
toxic (a 15 to 20 mg/m 2 greater dose for EPI)? 
This point is very important because if equimo- 
lar doses are compared, EPI will always show 
lower toxicity, both acute and chronic. Such an 
outcome was evident in the two studies compar- 
ing CEF with CAF. >3 ° Both used equimolar 
doses of EPI and DOX. and both showed less 
acute toxicity and cardiotoxicity for EPI. When 
the drugs are compared at equimyelotoxic doses, 
there is little difference in noncardiac toxicity. 31 
EPI clearly produces cardiomyopathy that 



can even be fatal sometimes. 32 - 33 The morpholog- 
ical features of EPI-induced cardiomyopathy 
are identical to those induced by DOX. 33 The 
total dose range in which the cardiotoxicity risk 
increases precipitously (akin to the 550 mg/m 2 
cumulative dose limit of DOX) is 900 to 1,000 
ms/m 2 . 32 " 34 This total dose is ideally reached 
with approximately 11 doses of EPI adminis- 
tered over some 9 months, if 85 mg/m 2 arc 
administered at an every' 3-weeks schedule. 34 If 
a lower dose of EPI is used (eg, 50 mg/m 2 ) when 
it is incorporated into a combination regimen 
such as CEF, 29 - 30 then it will ideally take 17 
doses administered over some 12 months to 
reach the toxic range. When one considers that 
the median duration of response to CAF or 
CEF regimens in breast cancer is 8 to 10 
months, 29 - 30 - 35 one can see that most patients will 
have tumor progression and require a change in 
therapy before they have a serious cardiotoxic- 
itv risk from EPI. 

CEF with a dose of EPI equimolar to that of 
DOX in CAF also produces less acute nausea 
and vomiting, 24 - 30 an important factor in patient 
compliance with therapy and quality of life, 
apparently without compromising therapeutic 
efficacy. Therefore, EPI seems to provide a 
marginal toxicity advantage over DOX. 

EPI is now widely marketed in Canada, 
Japan, Australia, and Europe, but not in the 
United States, and has largely supplanted DOX 
in clinical use. A New Drug Application (NDA) 
was submitted to the Food and Drug Adminis- 
tration (FDA) in 1985 but was not approved, 
probably because the cardiotoxicity advantage 
of EPl' was modest and applied to only a 
minority of patients whose cancer still had not 
progressed after approximately 10 months of 
therapy. The emesis induced by chemotherapy 
is very distressing to patients. If a CEF regimen 
has equivalent efficacy to CAF, but induces less 
vomiting. EPI should be available for clinical 
use in the United States, even if its therapeutic 
spectrum is not different from DOX. 

DOX is usually administered in doses of 60 to 
75 mg/m : when it is used alone and at 45 to 50 
mg/m 2 when used in combination. Increasing 
the DOX dose to 90 to 135 mg/m 2 results in 
more total, and more complete, responses in 
breast cancer. 36 However, the cumulative dose 
limit for cardiotoxicity is reached more quickly 
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with such doses, and congestive heart failure 
can result. 36 Symptomatic acute mucositis is also 
a problem. 

The maximum tolerated dose (MTD) of EPI 
in the phase I trials conducted 13 years ago- 5 
was 70 to 90 mg/m : . Drug dose escalation has 
become a topic of intense research interest in 
oncology in the 1980s, and attempts have been 
made to increase EPI doses. These efforts are 
based on the premise that the moderate acute 
and chronic toxicity advantages of EPI over 
DOX might allow escalation of EPI doses with 
commensurate enhanced therapeutic efficacy at 
more moderate toxicity cost than similar stud- 
ies 36 with DOX. Moreover, the concomitant use 
of bone marrow protective agents (such as 
filgrastim) and cardiotoxicity protectors (such 
as dexrazoxane [DXZ]) may allow even further 
dose escalations of EPI. 

Initial studies of EPI dose escalation in- 
creased the dose to 120 mg/m 2 , with which 
mucositis became dose-limiting, whereas myelo- 
suppression was not. 37 Subsequent studies have 
increased the dose to 180 mg/m 2 , in which 
myclosuppression did become dose-limiting and 
caused neutropenic fevers in 23% of 27 pa- 
tients. 38 Complete or partial tumor responses 
occurred in 85% of the patients. A study by 
Bastholt et al 3tJ comparing four EPI doses in 
prospective randomized fashion for breast can- 
cer has been preliminarily reported. The re- 
sponse rate was improved by increasing the EPI 
dose from 40 to 60 mg/m 2 to 90 mg/m 2 , but not 
when it was increased to 135 mg/m : . In addi- 
tion, some patients had their dose increased 
after achieving no tumor regression at a lower 
EPI dose, and about 25% then had a response. 34 

The higher number of responses achieved 
with both DOX and EPI administered at height- 
ened doses are encouraging, but they will not 
necessarily achieve better survival in patients 
with stage IV breast cancer. On the other hand, 
they could be advantageous for patients with 
locally advanced disease. Further work with 
EPI dose escalation using the toxicity pro- 
tectants is ongoing. 

Pirarubicin (PRA) 

Umezawa, at the Institute of Microbial Chem- 
istry in Tokyo, spent a long, illustrious career 



searching for antibiotics, particularly those with 
antitumor activity. In 1966 he isolated bleomy- 
cin, and in the 1970s he turned his attention to 
finding new anthracyclines. One of the anthracy- 
clines he discovered was a tetrahydropyranyl 
derivative of DOX. which was initially labeled 
THP-Adriamycin. 4() The INN now is pirarubicin 
(PRA; the pronunciation of the "pyra" segment 
was internationalized with different spelling). 
Development of this analog has occurred prima- 
rily in Japan and France. 

Preclinical tumor efficacy studies of PRA by 
Tsuruo et al 41 showed general equivalence or 
superiority to DOX. Cardiotoxicity studies per- 
formed in France 42 indicated a lesser degree of 
cardiotoxicity than DOX in experimental ani- 
mals, and thus PRA was brought to clinical trial. 

The dose and schedule for this analog used in 
phase II trials has been 50 to 70 mg/m 2 , admin- 
istered at 3-week intervals. Granulocytopenia is 
dose-limiting. PRA has undergone study in 
acute leukemia, lymphoma, sarcoma, and breast 
cancer, and the response rates have been equiv- 
alent to those achieved from DOX. 4345 The 
spectrum and degree of its antitumor efficacy 
appear similar to DOX. When used in a combi- 
nation regimen for breast cancer, 46 the response 
rate is equivalent to that of CAP. 

Preclinical studies suggested a lesser degree 
of cardiotoxicity with PRA, but clinical studies 
have not been performed to establish this point. 
In particular, no randomized prospective com- 
parisons of PRA with any other anthracycline 
(such as has been done with EPI 3134 ) have been 
reported. Also, the cumulative dose at which 
the cardiotoxicity risk becomes significant is 
poorly characterized. 

The one attribute of PRA that could incite 
clinical interest is the lower rate of total alope- 
cia. When PRA is used as a single agent, total 
alopecia is uncommon, and it does not develop 
as a cumulative toxicity. 43 45 Even when PRA is 
administered in combination with 5-fiuorouracil 
and cyclophosphamide, 46 total alopecia oc- 
curred in only about half of the patients. DOX 
is well known to produce total alopecia in nearly 
every patient treated. Most oncologists have 
encountered patients (especially women) who 
are extremely reluctant to accept any chemother- 
apy that might cause total alopecia. PRA could 
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be an acceptable substitute for DOX or EPI 
(with equivalent antitumor activity) that would 
enhance quality of life. 

The patent on PRA is owned by Meiji Seika 
Kiasha, Ltd. of Tokyo, Japan. It is marketed in 
Japan and, under licensing agreements, in Eu- 
rope. No American company has developed any 
interest in pursuing the clinical trials necessary 
to establish a toxicity superiority of PRA over 
DOX. The one attractive feature of causing less 
alopecia may not be commercially promising 
enough to invest the necessary effort and re- 
sources for seeking marketing approval in the 
United States. 

Zonibk'm and Aclamhicin 

Zorubicin (rubidazone) was isolated by 
Rhone-Poulenc investigators in France in 1969 
and was found to have activity in acute leuke- 
mia. 47 This analog is marketed in France (Table 
2). It was studied by American investigators and 
found to have no advantage over DNR or DOX, 
so no further development for marketing in the 
United States has been done. 

Aclarubicin (aclacinomycin) is another ana- 
log found by Umezawa in the mid-1970s. It also 
has activity in acute leukemias and is marketed 
(Table 2) for this cancer in France and Japan. 
Studies in the United States did not show any 
advantages over DNR or DOX, so all clinical 
trials have been closed. 

lododoxombicin (lODO) 

This anthracycline is an analog of DOX 
synthesized by Arcamone and colleagues in the 
mid- 1980s. 4 * It was selected for clinical develop- 
ment because it had activity against DOX- 
resistant P388 leukemia, had greater activity 
than DOX in some preclinical tumor lines, and 
had more rapid cellular uptake than DOX. It 
also had less cardiotoxicity in preclinical tcst- 
ine. 44 The sole structural difference from DOX 
is the presence of an iodine atom at the C-4' 
position, instead of a hydroxy 1 group. 

Phase I trials were performed in Europe in 
the late 1980s, and some phase II trials have 
now been completed. A clinically promising 
feature of the toxicity profile, established in 
phase I testing, was the fact that the sole 
dose-limiting acute toxicity was granulocytope- 
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nia, which was rapidly reversible. 50 DOX causes 
severe stomatitis at high doses, and during dose 
escalation. This toxicity feature of iododoxorubi- 
cin (IODO) favors the combining of the anthra- 
cycline with hematologic growth factors, such as 
fi'lerastim or sargramostim. thus allowing fur- 
ther dose escalation with perhaps greater antitu- 
mor activity. 51 This analog might even be useful 
as part of a preparatory regimen for marrow 
transplant. 

Only a few phase II studies of IODO have 
been published, and they have not been full of 
promise for this agent. 51 - 5: In a trial of patients 
with advanced breast cancer receiving a 70 
mg/m : dose, the response rate was only 10%, 
and there was negligible activity in colon and 
lung cancer.- Another trial 51 using a dose of 80 
mg/m- gave a 35% response rate in advanced 
breast cancer, but this rate was achieved at the 
expense of a 34% incidence of grade 4 granulo- 
cytopenia. This hematologic toxicity was also 
more common with repeated treatment. DOX 
can produce a similar response rate as a single 
aucnt in breast cancer but without such severe 
hematologic toxicity. 

At this point. IODO appears not to provide 
any clearcut advantage over DOX, although 
testing in a variety of cancers has not been 
performed yet. The only promising path for 
further development may be as a constituent of 
marrow ablative therapy. 

AD -32 

A series of DOX analogs have been synthe- 
sized by Israel et al first at Dana-Farber Cancer 
Institute, and subsequently at the University of 
Tennessee. One of the early compounds in this 
series, AD-32, was created in 1973 and had 
greater antitumor activity, less cardiotoxicity, 
and less toxicity in general than DOX in preclin- 
ical testing. 53 A phase I trial of intravenously 
administered AD-32 was then performed, 54 but 
drug formulation and solubility problems pre- 
vented further clinical development. 

AD-32 has recently been resurrected as an 
intravesical treatment for bladder cancer be- 
cause it appears not to cause local tissue injury 
if extravasated and is poorly absorbed system i- 
cally when administered in the bladder. 55 Phase 
1 trials have been performed. 55 and phase II 
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trials are underway through sponsorship of 
Anthra Pharmaceuticals. Inc. (Princeton, NJ), 
the holder of commercial rights to the AD series 
of compounds. Administration of AD-32 via the 
intraperitoneal route is also being studied. 

ANTHRACYCLINE ANALOGS— THE NEXT 
GENERATION 

The direction for development of new anthra- 
cycline analogs in the 1970s and early 1980s was 
to expand the antitumor spectrum of DOX. 
reduce cardiotoxicitv and acute toxicity, and /or 
develop an orally absorbed compound. The 
fruits of this research have given us a few 
analogs with only marginal clinical advantages, 
if any. Research in antitumor drugs in the 1980s 
moved towards finding ways of overcoming 
tumor cell resistance to drugs. The ability of 
cancer cells to develop resistance to a variety of 
structurally unrelated compounds is called mul- 
tidrug resistance (Mdr). 5,) As the direction of 
oncology research turned to overcoming Mdr, 
so did research in anthracycline analog develop- 
ment. 

Table .V 7 '^ outlines some of the more promi- 
nent anthracycline analogs that have been en- 



tered, or soon will be entered in initial clinical 
trials. All have only laboratory code names so 
far. These analogs have been created by chemi- 
cal synthesis or by biosynthesis through expos- 
ing Streptamyces species to mutagens. Most of 
these have been developed in Japan and Italy, 
in particular at the Institute of Microbial Chem- 
istry in Tokyo and Farrnitalia Carlo Erba Re- 
search Laboratories in Milan. Most were se- 
lected because of activity in preclinical murine 
and human tumor lines that were DOX- 
resistant. Another potential advantage is that 
some of these analogs (eg. FCE 23762 and 
MX-2) have greater antitumor potency than 
DOX (and possibly a different mechanism of 
action) while having no greater cardiotoxicitv. 

It is uncertain when, or if, any of these 
analogs will be clinically tested in the United 
States, but they would probably have to show 
real promise for an advantage over DOX before 
United States investigators would be interested. 
One advantage would have to be antitumor 
activity in patients previously exposed to DOX, 
because oncologists are now surfeited with ana- 
logs that have marginal toxicity advantages over 
DOX. They could even repeat the history of 



Table 3. New Anthracyclines in Current Early Development 



Code Name 
(Commercial Sponsor) 



Country of 
Origin 



Preclinical Study 
Advantages 



Current Status 



Reference No. 



F 860191 
(Hoechst) 

FCE 21424 (Farrnitalia Carlo Erba) 

AD-198 (Anthra) 



FCE 23762 (Farrnitalia Carlo Erba) 



SM-5887 (Sumitomo) 



ME 2303 (previously FAD-104) (Meiji 
Seika Kaisha) 



MX-2 (previously KRN-8602) (Kirin 
Brewing) 



France Possible topoisomerase II inhibitor. 

More active than DNR and DOX in 
leukemia cell lines. 

Italy Increased potency against leukemia 

in preclinical testing. 

United States Significantly iess cardiotoxicity. Ac- 
tive against DOX-resistant cell 
lines. Cytotoxicity is potentiated by 
liver microsomes. Mechanism of 
action appears greatly different 
from that of DOX. 

Italy 1 1-fold more potent than DOX 

against in vitro tumor cell lines. 
Active against DOX-resistant cell 
lines. 

Japan More active in preclinical carcinomas 

than DOX (especially gastric). Less 
cardiotoxic. 

Japan A f luorinated anthracycline. Greater 

activity than DOX in P388 and 
L1210 leukemias. Active against 
DOX-resistant cell lines. 

Japan Active against DOX-resistant and 

multidrug resistant cell lines. Less 
cardiotoxic than DOX. 



Preclinical development 57 



Chemical stability 58 

problems 
Preclinical development 59 



Phase I trials 



Phase II trials 



Phase It trials 



Phase I! triafs 



60 



61 



62, 63 



64, 65 
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other promising analogs such as rodorubictn. 
This analog had a greater antitumor spectrum 
of activity and was active in DOX-resistant 
tumors in preclinical testing. However, when 
studied in phase I trials, 66 it not only caused 
cardiotoxicity, but added nephrotoxicity (in the 
form of proteinuria) to the spectrum of anthra- 
cycline clinical toxicity. Moreover, the cardiotox- 
icity was not only a cardiomyopathy, but also 
damage to the endothelium of endocardial veins. 
Rodorubicin has not been heard of since! 

"MECHANICAL" MODIFICATIONS OF DOX 

If 25 years of intensive research in creating 
anthracycline analogs has not provided us with a 
''better' DOX." perhaps DOX itself can be 
modified by some means that will reduce cardio- 
toxicity and make the drug safer. Such methods 
would include using prodrugs and encasing 
DOX in liposomes or changing the drug admin- 
istration method to retard the height of peak 
plasma levels of DOX. High peak plasma levels 
are thought to be related to DOX cardiotoxic- 
ity. 

A prodrug of DOX (called leurubicin) was 
created by binding L-leucine to the nitrogen 
atom at the 3' position on the amino sugar. This 
was work performed in the early 1980s by 
Belgian investigators. The L-leucine is hydro- 
lyzed in blood and at cell surfaces, and active 
DOX is released. Not only is the peak plasma 
level thus moderated, but active drug is theoret- 
ically released at the cancer cell surface where it 
can have the most effect. Preclinical studies' 17 
showed that equitoxic doses of leurubicin were 
equivalent in antitumor activity to DOX while 
less cardiotoxic. A phase 1 trial 68 showed that 
about 37% of administered leurubicin is con- 
verted to DOX, and a threefold greater dose 
(210 mg/m : ) was the MTD. 

The company involved in developing this 
prodrug (Megenix Group, Brussels. Belgium) 
has had financial problems, so the future of 
leurubicin is uncertain. The concept behind the 
druc is certainly worthy, but much work would 
be necessary in the form of phase II and III 
trials to establish its clinical efficacy and puta- 
tive lesser cardiotoxicity. 

Another means of reducing the peak plasma 
level of DOX is to administer it in a continuous 
infusion. Investigators at M.D. Anderson Hospi- 
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tal were the originators of this technique. Legha 
et al hy showed that 96-hour infusions of DOX 
could maintain therapeutic efficacy while reduc- 
ing cardiotoxicity. These investigators reported 
seven patients who each received cumulative 
DOX doses of > 550 mg/m 2 (one patient re- 
ceived 1,500 mg/m 2 ) and had no cardiotoxicity, 
nor even severe pathological changes on endo- 
myocardial biopsy/' 9 

A randomized prospective comparison of the 
96-hour infusion versus bolus administration of 
DOX did confirm that antitumor tumor efficacy 
is similar, whereas the cardiac toxicity of infused 
drug is significantly reduced. 70 The infusion 
group of patients also had less vomiting, but 
more stomatitis, than the group receiving bolus 
DOX. 

This method of DOX administration does 
provide an advantage in ability to give higher 
cumulative doses of DOX without causing se- 
vere cardiac injury- However, one must keep in 
mind that few patients still have responding 
cancers by the time they reach the dose limit 
range of bolus DOX. In addition, such inci- 
sional therapy requires 4 days of hospitalization 
every 3 weeks, and a central venous catheter 
must be inserted to obviate the risk of inadver- 
tent DOX extravasation. Infusional DOX ad- 
ministration is costly and cumbersome and, 
therefore, has not achieved widespread accep- 
tance. 

Another proposed solution to the cardiotoxic- 
ity problem is to incorporate DOX into phospho- 
lipid carrier systems (liposomes). 71 Both DOX- 
and DNR-containing liposome systems have 
been developed and clinically tested. 72 " 3 The 
rationale for encapsulating anthracyclines in 
liposomes is also based on the theory that high 
peak plasma levels of drug are more cardiotoxic. 
Therefore, if the drug could be administered in 
a bolus, but only slowly released into the blood, 
cardiotoxicity might be reduced or avoided. 
Laboratory' w ork testing this concept was per- 
formed more than 10 years ago. Studies in both 
mice and dogs 74 - 75 indicated that whereas free 
DOX produced the expected cardiac abnormal- 
ities histologically, liposomal DOX did not. In 
addition, the antitumor efficacy of DOX was 
maintained despite the encapsulation of DOX 
within the liposomes. 74 

Although the concept of DOX liposomes was 
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proven of potential value for clinical trials in the 
early 1980s, major obstacles of chemical stabil- 
ity and drug formulation had to be solved before 
such trials could begin. A liposome that did not 
leak the drug had to be perfected. In the later 
1980s, new drug loading techniques were devel- 
oped that allowed the trials to start. Several 
commercial concerns have formulated anthracy- 
ciine liposomes used for clinical trials. The 
Liposome Co. (Princeton. NJ) has one for DOX 
(called TLC-D99), and Vestar, Inc. (San Dimas. 
CA) has one for DNR. Another such DOX 
formulation was developed by investigators at 
Georgetown University. Phase I trials have 
been completed for DOX-liposomes, and phase 
II trials have been initiated. The formulation 
used by the Liposome Co. consists of egg 
phosphatidylcholine and cholesterol, whereas 
the one produced at Georgetown comprises 
phosphatidylcholine, cholesterol, cardiolipin. 
and stearylamine. 71 

The phase I trials with TLC-D99 have shown 
that the MTD is 75 mg/m 2 administered every 3 
weeks or 30 mg/m : administered weekly. 7,, - 7? 
The MTD used for the Georgetown product 
was 90 mg/m 2 . 72 All these doses exceed those 
used for free DOX, although not to a large 
degree. Some observations from these prelimi- 
nary studies that have clinical importance are 
that granulocytopenia was the dose-limiting 
toxicity, antitumor responses occurred in tradi- 
tionally DOX-sensitive cancers (such as breast 
cancer), stomatitis was usually mild, and cardiac 
toxicity was generally mild, even in a few pa- 
tients who received cumulative DOX doses of 
> 500 mg/m 2 . 72 ' 7 "- 77 

These findings support further studies using 
DOX-liposomes to verify antitumor efficacy in 
phase II trials 7 * and then performing a random- 
ized, prospective comparison (phase III trial) 
with free DOX. In addition, the fact that 
granulocytopenia is the dose-limiting toxicity of 
liposomal DOX, while other acute toxicity and 
cardiotoxicity are moderate, provides a ratio- 
nale for testing liposomal DOX with filgrastim 
or sargramostim to overcome granulocytopenia 
and allow DOX dose escalation. Studies of 
these types are ongoing. 

DOX or DNR liposomes are theoretically an 
answer to the practical problem of trying to 
deliver an anthracycline in a fashion that moder- 
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ates the peak plasma level and. in turn, moder- 
ates the cardiotoxicity. The drug can be admin- 
istered conveniently in a bolus, instead of a 
96-hour infusion. It might even be possible to 
increase the individual DOX dose and heighten 
therapeutic efficacy. Free DOX doses ^have 
been increased in patients with breast cancer 
with resultant higher rates of both total remis- 
sion and complete remission.-'" It is too early to 
state whether liposomal DOX represents a 
"better DOX." The results so far suggest only a 
marginally improved therapeutic index and a 
gam only for the occasional patient who is still 
responding to DOX after receiving a cumulative 
dose of 500 mg/m 2 and who could receive more 
drug without suffering cardiotoxicity. 

CARDIOPROTECTIVE AGENTS 

Researchers worldwide have attempted to 
modify the DOX structure and create a less 
toxic analog. Another line of research has been 
to administer DOX in conjunction with another 
substance that will mitigate cardiotoxicity. Such 
an approach is feasible because the cardiotoxic- 
ity appears to be mediated by free radical 
production by anthracyclines. 74 whereas the cy- 
totoxicity to cancer cells is not. S(l The protector 
substance that has undergone the most evalua- 
tion is DXZ. 

The development of DXZ extends back to the 
1960s when British investigators at the Imperial 
Cancer Research Fund Laboratories in London 
began looking at chelating agents as potential 
antitumor agents. N1 A series of derivatives of 
ethylenediaminc tetra-acetic acid (EDTA) were 
synthesized and tested for antitumor activity in 
murine cancers. One of these compounds was 
code named JCRF-1S7. It was the dextro form 
of the racemic compound ICRF-159. The INN 
of ICRF-187 is now dexrazoxane (DXZ), 
whereas that of ICRF-159 is razoxane. DXZ 
was more water soluble than razoxane and 
could be formulated for clinical trials. Phase I 
testing of DXZ, performed in the late 1970s, 
showed that the MTD was 3,000 mg/m 2 admin- 
istered over 3 days, and the dose-limiting toxic- 
ity was primarily granulocytopenia. 82 This study 
also showed that DXZ enhanced the urinary 
excretion of iron, a point of possible importance 
in the mechanism of action for cardioprotec- 
tion. 
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Unfortunately. DXZ produced few tumor 
responses in phase II trials and would have 
headed into oblivion hut for the work of Her- 
man et al, begun over 20 years ago. These 
investigators were working with an isolated dog 
heart model for anthracycline cardiotoxicity in 
the early 1970s and were attempting to find 
agents that might protect against heart damage. 
The chelating agent EDTA. and then its analog 
razoxane, were tested for ability to attenuate 
the acute cardiac effects of DNR and DOX, and 
both were successful. 83 Similar studies in intact 
animals later confirmed the fact that razoxane 
diminished acute anthracycline cardiotoxicity. M 
When the more water soluble EDTA analog, 
DXZ, became available to Herman et al in the 
mid-1970s, it also proved protective against 
anthracycline cardiotoxicity, both acute 85 and 
chronic.* 6 This cardioprotective effect appears 
to be mediated by DXZ chelation of iron, which 
in turn limits the ability of anthracyclines to 
com plex with intracellular iron and produce 
free radicals that damage cardiac myocytes. 

This series of experiments and others 8740 
have confirmed that EDTA and its analogs can 
be useful in preventing anthracycline (DNR, 
DOX. or EPI) cardiotoxicity in a variety of 
experimental animals, while not compromising 
the antitumor efficacy of anthracyclines. More- 
over, they showed that the anthracycline and an 
EDTA analog could be administered together 
safely and that the best timing was to administer 
them 30 minutes apart, with the anthracycline 
being administered second. The compound 
found to be most suitable for the cardioprotec- 
tive effect was DXZ. The original code name for 
DXZ was ICRF-187, but Adria Laboratories 
(Columbus, OH) now holds the rights to this 
drug in the United States and has code named it 
ADR-529. The trade name in Europe is Cardiox- 
ane. and the proposed trade name for market- 
ing in the United States is Zinecard. 

With a solid record of cardioprotective effi- 
cacv in at least seven animal species, DXZ was 
next evaluated in a randomized clinical trial by 
Speyer et al/ n ^ : These investigators based their 
dose and schedule of DXZ on the work of 
Herman and used a 20: 1 ratio of DXZ to DOX. 
They chose the widely used regimen of cyclo- 
phosphamide, DOX. and 5-fluorouracil (CAF) 
and treated a disease (metastatic breast cancer) 
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with the expectation that a large minority of 
patients would receive total DOX doses of 550 
mg/m 2 or more. Patients were randomized to 
receive CAF or CAF + DXZ until either 
disease progression or evidence of cardiotoxic- 
ity occurred. 

'The results of this study of 150 patients 
showed that the DXZ group received a signifi- 
cantly higher total dose of DOX. had a much 
lower incidence of clinical congestive heart 
failure, and had a lower rate of removal from 
treatment because of cardiac changes from 
baseline. 42 In addition, 26 patients in the DXZ 
group received cumulative DOX doses of > 700 
mn/nv. including 11 who were even able to 
tolerate > 1,000 mg/m-. At the same time, the 
tumor response rate was similar in the two 
groups. The DXZ group did have a slightly 
greater rate of grade 2 neutropenia, but there 
was no difference in rates of sepsis. Because 
DXZ produced granulocytopenia in the phase I 
trials 82 (although at higher doses), such effects 
in this trial would not be unexpected. A surpris- 
ing result was that, despite the more total DOX 
cycles administered, there was no difference in 
the time to tumor progression or in overall 
survival. 

Adria Laboratories set up similar random- 
ized trials to confirm the results of Speyer et al 
but used a double-blind, placebo-controlled 
technique to obviate any possible biases in 
assessing either cardiotoxicity or tumor re- 
sponses. Preliminary results of this work have 
been published. 43 g4 Again, significant DXZ pro- 
tection against DOX cardiotoxicity was shown 
by all measurements. Also, similar to the work 
of Speyer et aI, M1 - : there were no differences in 
either disease -free survival or overall survival.''- 1 

These randomized trials were the basis for 
application to the FDA for marketing approval 
of Zinecard. DXZ is already marketed in Italy 
and Denmark and approval is pending in other 
countries. FDA approval was denied in June 
1992 primarily because one trial 95 (and unpub- 
lished data) showed a statistically significant 
reduction in response rate for the patients 
receiving DXZ, although all studies are consis- 
tent that DXZ does serve effectively as a cardio- 
protectant. At this time it is uncertain when, 
and if. DXZ will receive approval for marketing 
in the United States. 
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What advantages does DXZ provide in mak- 
ing a "better DOX' 1 ? The randomized studies 
reported so far 4195 document that a larger 
cumulative dose of DOX can be administered 
when DXZ is administered concurrently. How- 
ever, the ability to administer a larger total dose 
has not translated into better progression-free 
or overall survival. This ability to administer 
several more months of an anthracycline with 
DXZ is akin to the ability to do the same thing 
using EPI, but a clear therapeutic efficacy advan- 
tage is lacking. 

There are some probable advantages to use 
of DXZ as a cardioprotectant, although no 
clinical studies have yet been completed that 
establish these points. One situation is the 
patient whose cardiac status is of a borderline 
degree to tolerate DOX. Concurrent administra- 
tion of DXZ can allow safe use of DOX for a 
patient to whom most oncologists would be 
reluctant to administer such therapy. Another is 
the patient who is to receive DOX as adjuvant 
therapy. Concomitant use of DXZ may be 
protective enough that DOX could be safely 
reused when, and if, metastatic disease occurs 
later. 

The final and probably most important situa- 
tion is in the pediatric age group. Children who 
received an anthracycline 5 to 20 years previ- 
ously (and are cured of their cancer) are now 
being recognized to have severe cardiac func- 
tion impairment as they have reached ma- 
turity. %47 Some patients have died, 1 * and an 
occasional patient has undergone cardiac trans- 
plantation. 9K Some of these patients had re- 
ceived a cumulative dose of only 300 mg/m : . 
These patients probably have death of myocytes 
during anthracycline therapy that remains 
asymptomatic until full growth or some stress, 
such as pregnancy, occurs in adulthood. If DXZ 
had been used in conjunction with the anthracy- 
cline years earlier, these late events were per- 
haps preventable. Before DXZ can be recom- 
mended for this age group, studies would have 
to be performed to establish no diminution of 
therapeutic efficacy in the curable childhood 
malignancies. One such study is presently ongo- 
ing in pediatric sarcomas at the NCI. 

DXZ is the cardioprotectant that has had 
widest testing in animals and humans so far, but 
investigators at the Imperial Cancer Research 



Fund in London continue to evaluate the bisdi- 
oxopiperazines for cardioprotectant activity. 
They are currently studying ICRF-197, a trans- 
cyclobutane analog of DXZ, in animals for 
DOX-protectant efficacy. 

ANTHRACYCLINE AND MULTIDRUG 
RESISTANCE (MDR) 

Most of the discussion in this article has 
focused on results of decreasing toxicity of 
anthracyclincs. This is true because despite 
years of research and synthesis of hundreds of 
analogs, no DOX analog clearly kills human 
cancer cells more effectively, or for longer 
durations, than DOX. It is certainly worthwhile 
to investigate means of reducing cardiomyopa- 
thy or acute toxicity (especially the kind that 
causes patient distress such as alopecia or stoma- 
titis), but the real obstacle to more effective use 
of DOX is cancer cell resistance to it, either 
native or acquired. In the late 1980s anthracy- 
cline analog research turned to finding struc- 
tures capable of overcoming the Mdr phenome- 
non. However, these efforts are in their infancy, 
and it will be some years before it is known 
whether such research will bear fruit. In the 
meantime, investigators have tried to make a 
"better DOX" by administering other drugs 
concurrently with DOX that might overcome 
Mdr. 

The drug that has had the most clinical study 
as a means of overcoming Mdr to DOX is 
verapamil. Preclinical studies 10 years ago 
showed that calcium channel blockers could aid 
DOX intracellular accumulation in DOX- 
resistant cell lines. 100 - 101 Such studies were prom- 
ising enough to test the concept in clinical trials. 
A pilot study performed at the NCI found that 
the verapamil dose required to achieve plasma 
levels high enough to affect DOX Mdr caused 
too much acute cardiotoxicity. 1(,: Another pilot 
study at the University of Arizona using ve- 
rapamil in conjunction with a DOX combina- 
tion regimen was able to show partial reversal of 
tumor resistance to chemotherapy, whereas 
acute verapamil cardiotoxicity was manageable 
and reversible on stopping verapamil. 103 A cur- 
rent study at the NCI is evaluating the addition 
of verapamil to a DOX-containing regimen for 
refractory lymphomas, and again the verapamil 
has provided partial reversal of chemotherapy 
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resistance in a heavily pretreated group of 
patients. 104 

Attempts to modulate DOX Mdr are not 
limited to verapamil. Another ealcium antago- 
nist bepridil, is being studied clinically by Dutch 
investigators. 1 " 5 This drug also has m vitro 
ability to reverse DOX resistance but may be 
less cardiotoxic acutely than verapamil at doses 
required to overcome Mdr. 

Modulation of Mdr by various drugs is a 
concept worthv of continued study in clinical 
trials. However, use of the calcium channel 
blockers is subject to the danger of severe 
hvpotension and cardiac arrhythmias. There- 
fore, it is often necessary to monitor cardiovas- 
cular parameters in an intensive care unit while 
the calcium channel blocker is being infused. 
This necessity makes implementation of this 
technique problematic for routine patient care 
when administering an anthracycline, so verap- 
amil use as a DOX adjuvant is unlikely to 
become an accepted technique. Also, it is yet 
unclear this treatment will produce meaningful 
remissions of DOX-resistant cancers. 

FUTURE DIRECTIONS 
DNR and DOX were the first anthracyclines 
to be found clinically useful and were developed 



in the 1960s. Despite years of intense research 
bv investigators in Japan, Europe, and the 
United States, a truly better DOX has not been 
found There are several analogs that have some 
modestly reduced acute and/or chronic toxicity. 
In addition, there is a compound (DXZ) that is 
protective against cardiotoxicity when used in 
conjunction with the anthracyclines and an 
administration schedule (continuous infusion) 
that also can be cardioprotective. If DXZ is 
proven not to hinder the antitumor efficacy of 
DOX, further research to find less cardiotoxic 
analocs may be unrewarding and unnecessary. 

Unfortunately, anthracyclines more effective 
at killing human tumor cells than DNR and 
DOX have not been found. Research ventures 
in the 1990s must begin with this fact (Table 3). 
It would be ironic if the best anthracyclines ever 
found are the first two discovered, but a parallel 
situation exists with the vinca alkaloids. Both 
vinblastine and vincristine were discovered in 
the mid-1950s. Some 35 years later, no other 
compound in this drug class has yet supplanted 
them. 
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Chemokines are chemotactic proteins which play a 
central role in immune and inflammatory responses. 
Chemokine receptors are members of the seven trans- 
membrane G-protein coupled family and have recently 
been shown to be involved in the entry of human immu- 
nodeficiency virus (HIV) into target cells. To study che- 
mokine endocytosis in detail we have used novel site- 
specific chemistry to make a fluorescently labeled CC- 
chemokine agonist (rhodamine-MIP-1 a) and antagonist 
(NBD-RANTES). We have also generated a CHO cell line 
stably expressing a hemagglutinin-tagged version of the 
CC-chemokine receptor 1 (CCR1), and using these re- 
agents we have examined the receptor-mediated endo- 
cytosis of CC-chemokines by confocal microscopy. Our 
studies reveal that the agonist was internalized and ac- 
cumulated in transferrin receptor-positive endosomes 
whereas the antagonist failed to internalize. However, 
receptor-bound antagonist could be induced to internal- 
ize by co-administration of agonist. Analysis of receptor 
redistribution following chemokine addition confirmed 
that sequestration was induced by agonists but not by 
antagonists. 



Chemokines are a large family of chemotactic proteins which 
regulate leukocyte activation and recruitment to sites of in- 
flammation. They can be divided into two main classes, the 
CXC- and the CC-chemokines based on the spacing of the first 
two cysteine residues. Both CXC- and CC-chemokines bind to 
seven transmembrane G-protein coupled receptors (GPCRs) 1 
which in most cases are promiscuous in that they will bind 
more than one ligand with high affinity (1). Although receptor- 
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mediated endocytosis of certain GPCRs such as the /^-adrener- 
gic receptor has been well documented, the endocytic pathways 
utilized by most GPCRs are still uncharacterized. Following 
stimulation by agonist, the /3 2 -adrenergic receptor is rapidly 
phosphorylated by a specific GPCR kinase. This uncouples the 
interaction between the receptor and the G-protein and allows 
binding of j3-arrestin which acts as an adapter to recruit the 
receptor into clathrin-coated vesicles (2). Several studies have 
shown that GPCRs are internalized via clathrin-coated vesi- 
cles, although this may not be a universal mechanism as alter- 
native endocytic pathways have been described for a number of 
different ligands (3-10). 

Chemokines such as RANTES (regulated on activation nor- 
mal T cell expressed and secreted), MlP-la, and MIP-1/3 have 
been shown to be the major HTV-suppressive factors produced 
by CD8 + T cells (11), and a number of recent studies have gone 
on to show that chemokine receptors are co-receptors along 
with CD4 for the entry of HIV into cells (12-21). This has 
raised the possibility of using chemokines therapeutically to 
block HIV entry. Receptor-mediated endocytosis of chemokines 
has not been studied in detail, but an understanding of this 
process is clearly important if we are to develop selective ther- 
apeutic agents which block HIV entry into cells. To this end we 
have studied the receptor-mediated endocytosis of CC-chemo- 
kines by CCR1 as a prototype for the CC-chemokine receptor 
family. 

EXPERIMENTAL PROCEDURES 

Fluorescent Chemokines — Recombinant chemokines were expressed 
and purified from a bacterial expression system as described (22). 
Fluorescent chromophores were conjugated by chemically coupling to 
the amino terminus according to the procedures described (23). The 
formation of rhodamine-MIP-1 necessitated certain modifications of 
this technology ? 

Receptor Expression — The full length cDNA encoding CCR1 was 
cloned by reverse transcriptase-PCR from the human eosinophilic cell 
line EOL-3 using specific primers based on the published sequence (24). 
The cDNA was subcloned into a pcDNAneol -based mammalian cell 
expression vector (pl2ca5) after the addition of the HA epitope tag 
(YPYDVPYASLRS) to the 5' end of the receptor cDNA by PCR. The 
sequence of the receptor cDNA was verified prior to transfection into 
CHO-K1 cells. The CHO-Kl cells were maintained m Dulbecco's mod- 
ified Eagle's medium-F12 medium containing 10% heat-inactivated fe- 
tal calf serum, 2 mM glutamine, and 100 units/ml penicillin/streptomy- 
cin (complete medium) and were harvested by trypsinization and 
resuspended at 2 x 10 7 cells/ml in 20 mM HEPES buffer pH 7.3 con- 
taining 150 mM NaCl. Five hundred-microliter aliquots of cells were 
electroporated with 30 /xg of pl2ca5 plasmids containing the receptor 
cDNA at 260 V, 960 liF, using a Bio-Rad Gene Pulser. After electropo- 
ration, cells were transferred to fresh medium and allowed to recover 
for 48 h before addition of 600 |ig/ml geneticin (G418). Fourteen days 
after electroporation, individual G4 18-resistant colonies were isolated 
by ring cloning and maintained in complete medium containing G418. 
Individual clones were then tested for binding to the anti-HA mono- 
clonal antibody 12CA5 (Boehringer), and cells expressing high levels of 
receptor were selected by a fluorescence-activated cell sorter using an 
anti-mouse fluorescein isothiocyanate conjugate. The resultant cell pop- 
ulation was designated CHO-CCR1 and was subsequently maintained 
in complete medium 

Chcmotaxis Assays — Biological activity of the chemokines or modi- 
fied chemokines was assessed by their ability to induce monocyte che- 
motaxis in micro-Boyden chambers as described previously (22, 25). 
Assays were performed either on the THP-1 cell line or on human 
peripheral blood monocytes. 
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Immunuflunri'vcvnvv Confocal Mici unvopy- All experiments were 
performed on C'HO-Ct'Kl cells grown overnight on eliiimbcr slides 
(Nunc). For chemokine endocytosis experiments the cells were washed 
twice with ice-culd buffer (phosphate-buffered saline with \ r /t bovine 
serum albumin ). Fluorescent chemokines (500 riM) were incubated with 
the cells for 4 h on ice followed by three washes in ice cold buffer to 
remove unbound ligand. Fresh medium was added, and the cells were 
either kept at 4 "C or incubated at 37 °C for lo or 30 min. At the end of 
this incubation cells were fixed, permeabilized, and processed for con- 
focal microscopy by standard procedures. For immunofluorescence 
studies following incubation with chemokines the fixed cells were per- 
meabilized and incubated with an anti-transferrin receptor monoclonal 
antibody (H68.4. a kind gift from Professor Colin Hopkins, Laboratory- 
lb r Molecular Cell Biology, University College London) or with the 
anti-HA antibody 12CA5 (Boehnnger). All slides were examined with a 
Leica TCS4 confocal scanning laser microscope. 

RESULTS AND DISCUSSION 

To study CC-chemokine endocytosis we generated fluores- 
cently labeled RANTES and MTP-la using site-specific chem- 
istry to attach the fiuorophore specifically to the terminal 
ammo group of the polypeptide chain (23, 26). Using this tech- 
nique we conjugated rhodamine to MlP-lr* and 7-nitrobenz-2- 
oxa-l,3-diazole-4-yl (NBD) to RANTES. These fluorescently la- 
beled CC-chemokines retained their ability to bind specifically 
to CCR1 although the binding affinity was slightly reduced 
compared with the unmodified agonist {23, 26). Prior to using 
these ligands to study endocytosis we assessed their biological 
activity in chemotaxis assays. Rhodamine-MIP-1 a acted as a 
full agonist and induced maximal chemotaxis at a concentra- 
tion of 100 nM (Fig. LA). However, NBD-RANTES had no bio- 
logical activity in a chemotaxis assay. We have previously 
shown that modification of the amino terminus of RANTES has 
a profound influence on its biological properties (25). Failure to 
cleave the initiating methionine from bacterially expressed 
RANTES (Met- RANTES) produced a protein which was devoid 
of agonist activity but was a potent antagonist. Similarly, con- 
jugation of the fiuorophore NBD to the amino terminus of 
RANTES also converted it from an agonist to an antagonist. As 
shown in Fig. IB both Met-RANTES and NBD-RANTES can 
fully antagonize the chemotactic activity of RANTES on THP-1 
cells. 

For endocytosis studies the human CCR1 cDNA was cloned 
by reverse transcnptase-PCR, and an HA epitope tag was 
placed at the extreme amino terminus. The tagged receptor 
was transfected into CHO cells, and lines stably expressing the 
receptor were cloned. Radioligand binding assays confirmed 
that the tagged CCR1 expressed in CHO cells (CHO-CCR1) 
retained high affinity ligand binding and ligand specificity 
(data not shown). In the initial experiments the fluorescent 
rhodamme-MIP-la and NBD-RANTES were bound to CHO- 
CCR1 cells for 4 h at 4 °C at a final concentration of 500 nM. 
Unbound ligand was washed off with ice-cold buffer prior to 
warming the cells to 37 °C for timed periods up to 30 min (Fig. 
2). The agonist, rhodamine-MIP-1 a, was effectively internal- 
ized and accumulated in perinuclear vesicles {panels A~C) 
whereas the antagonist, NBD-RANTES, remained almost en- 
tirely on the cell surface (panels D-F). This is consistent with 
other GPCRs for which it has been shown that receptor inter- 
nalization is dependent upon agonist stimulation and is inhib- 
ited by antagonists (4, 6, 9, 10). However, since we have made 
NBD-RANTES we were able to perform the experiment to 
study the effect of agonist stimulation upon the receptor-medi- 
ated endocytosis of a fluorescent antagonist. Binding of NBD- 
RANTES in the presence of an equimolar concentration of 
RANTES showed that the antagonist could be induced to clus- 
ter and internalize in the presence of agonist {panels G-l). 
Although the internalized antagonist appeared in more periph- 
eral endosomes rather than in the perinuclear structures in 
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Fig. 1. A, chemotaxis of human peripheral blood monocytes in re- 
sponse to increasing concentrations of MlP-la (•) and rhodamine- 
MIP-1 a (■). Assays were performed in 48-well micro-Boyden chambers. 
Each point represents the mean of triplicate determinations. B, antag- 
onism of RANTES- induced chemotaxis of THP-1 by Met-RANTES (O) 
and NBD-RANTES {□). The assays were performed in 96-well micro- 
Boyden chambers by measuring the chemotactic response of cells to a 
3.5 nM concentration of RANTES mixed with increasing concentrations 
of antagonists. Each point represents the mean of triplicate 
determinations. 



which the agonist accumulated, this observation nonetheless 
demonstrated that agonist-bound receptor could induce the 
sequestration of antagonist-occupied receptor. These findings 
suggest that activation of the GPCR kinase by agonist will 
induce phosphorylation, and consequently sequestration, of re- 
ceptors occupied by agonists or antagonists. The significance of 
this relates to how a virus uses a GPCR to gain entry to a cell. 
These findings suggest that HIV would not have to act as an 
agonist to be internalized via CC-chemokine receptors provided 
there is sufficient chemokine agonist present to induce receptor 
internalization. This is consistent with recent findings, using 
chimeric receptors, that the regions of CCR5 required for viral 
entry and for chemokine signal transduction are distinct (27). 
It may also explain the observation that in certain macrophage 
cultures addition of CC-chemokines actually enhances rather 
than inhibits HIV replication (28). 

To define the endocytic compartment into which rhodamine- 
MIP-lo was being delivered we performed dual-labeling stud- 
ies with the transferrin receptor. Rhodamine-MIP-la was 
bound to CHO-CCR1 cells at 4 °C, and receptor-bound ligand 
was subsequently allowed to internalize for 30 min at 37 °C. 
Cells were fixed, permeabilized, and stained using an antibody 
to the transferrin receptor (Fig. 3). Analysis of the cells by 
confocal microscopy revealed that at 4 °C, the rhodamine- 
MTP-la decorated the plasma membrane (panel B) whereas the 
transferrin receptor staining was both on the plasma mem- 
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Fig. 2. Receptor-mediated endocytosis of fluorescent chemo- 
kines. Chemokines were bound to the surface of CH0-CCR1 cells at 
4 °C. Unbound chemokine was washed off, and cells were either fixed 
immediately or rapidly warmed to 37 °C for 15 or 30 min prior to 
fixation. Following fixation the cells were examined by confocal micros- 
copy. Panels A, D, and G show chemokine distribution with no warmup, 
panels B, E, and H show distribution after a 15-min warmup, and 
panels C, F, and / show distribution after a 30-min warmup. Rhoda- 
mine-MIP-la (panels A, B, and C), NBD-RANTES {panels D, E, and F), 
and NBD-RANTES plus RANTES (panels G, H, and I). (Bar = 10 ^m). 




Fig. 3. Co-localization of rhodamine-MIP-lar with the trans- 
ferrin receptor, Rhodamine-MIP-la was bound to CHO-CCR1 cells at 
4 °C. Unbound chemokine was washed off, and the cells were either 
fixed immediately or warmed to 37 *C for 30 min prior to fixation. Fixed 
cells were permeabilized and stained with a monoclonal antibody to the 
transferrin receptor (H68.4) followed by a goat anti-mouse-fluorescein 
isothiocyanate antibody. Dual staining of the transferrin receptor (pan- 
els A and C) and rhodamine-MIP-la (panels B and D) were analyzed by 
confocal microscopy. Panels A and B show distribution at 4 °C, and 
panels C and D after a 30-min warmup to 37 °C. (Bar = 10 /xm). 

brane and in numerous endocytic vesicles (panel A). Following 
a 30-min warm up the rhodamine-MIP-la was internalized 
into perinuclear endosomal vesicles (panel D) and showed an 
exact co-localization with the transferrin receptor (panel C). 
Since it is well documented that the transferrin receptor is a 
marker for the clathnn-coated pit endocytic pathway it is rea- 
sonable to conclude that the CCR1 is also internalized via this 
mechanism. 

As a final study we decided to examine the receptor redistri- 



FlG. 4. CC-chemokine receptor 1 redistribution following ad- 
dition of chemokine agonists and antagonists. CHO-CCRl cells 
were incubated for 30 min at 37 °C with a range of CC-chemokines. 
Following this period the cells were fixed and permeabilized, and the 
HA-tagged receptor was detected with the anti-HA antibody 12CA5 
followed a biotinylated rabbit anti -mouse antibody and a streptavidin- 
Texas Red conjugate. Panel A, no chemokine addition; panel B, 50 nM 
NBD-RANTES; panel C, 1 fxU NBD-RANTES; panel D, 50 nM Met- 
RANTES; panel E, 1 jiM Met-RANTES; panel F, 50 nM MUM a; panel G, 
1 plM MlP-la; panel H, 50 nM RANTES; panel I, 1 RANTES. 

bution following addition of agonist or antagonist. For these 
experiments various chemokines were added to CHO-CCRl 
cells at 37 °C for 30 min after which time the cells were washed, 
fixed, and permeabilized, and the CCR1 receptor was visual- 
ized by staining with the anti-HA monoclonal antibody (Fig. A). 
The various chemokines were added at a concentration of ei- 
ther 50 nM or at 1 ^lM. Without chemokine addition the receptor 
was predominantly seen on the plasma membrane {panel A) 
and addition of the antagonists NBD-RANTES (panels B and 
C) or Met-RANTES (panels D and E) did not induce any sig- 
nificant receptor redistribution. However the agonists MlP-ltr 
(panels F and G) and RANTES (panels H and /) both induced 
receptor sequestration, although MIP-lu appeared more effec- 
tive in this respect than RANTES. Even at 50 nM, MlP-la 
induced most of the CCR1 to redistribute from the plasma 
membrane to perinuclear vesicles, and at 1 p.M receptor down- 
regulation was almost complete. 

These observations are the first detailed description of che- 
mokine and chemokine receptor endocytosis, and they show 
that CCR1 is likely to be internalized via clathrin-coated pits. 
We demonstrate that both ligand and receptor accumulate in 
perinuclear endosomes and that receptor internalization is de- 
pendent upon agonist stimulation. Provided that all CC che- 
mokine receptors behave like CCR1, does this give us any 
insight into how we might use chemokines as therapeutic 
agents to prevent HIV entry into cells? The protective effects of 
chemokines may be due to two factors. The chemokine may act 
as a competitive inhibitor preventing binding of the virus to the 
receptor or it may down-regulate surface receptors so that 
there are no receptors available for the virus. If the second 
explanation were true then antagonists, which do not induce 
receptor sequestration, would not be expected to block HIV 
entry. Recently published data (29) and our own studies^ 1 con- 
firm that chemokine antagonists are effective at inhibiting HIV 

:J Simmons, G., Olapham, P R , Picard, L . Offord. R. E., Rosenkilde, 
M. M., Schwartz. T W , Buser. R , Wells, T. N. C, and Proud foot, 
A. E. I. '1997 i Science, in press. 
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entry intu target cells Consequently our study strongly sug- 
gests that the observed HIV suppressive effects of chemokines 
are due to competitive inhibition for receptor binding and not 
due to receptor down -regulation. These findings have signifi- 
cant implications for the design and discovery of novel thera- 
peutic agents targeted at blocking HIV entry into cells. 
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CXCR2 is a seven-transmembrane receptor that trans- 
duces intracellular signals in response to the chemokines 
interleukin-8, melanoma growth-stimulatory activity/ 
growth-regulatory protein, and other ELR motif* 
containing CXC chemokines by coupling to heterotrim- 
eric GTP-binding proteins. In this study, we explored 
the mechanism responsible for ligand-induced CXCR2 
endocytosis. Here, we demonstrate that dynamin, a com- 
ponent of clathrin-mediated endocytosis, is essential for 
CXCR2 endocytosis and resensitization. In HEK293 
cells, dynamin I K44A, a dominant-negative mutant of 
dynamin that inhibits the clathrin-mediated endocyto- 
sis, blocks the ligand-stimulated CXCR2 sequestration. 
Furthermore, co-expression of dynamin I K44A signifi- 
cantly delays dephosphorylation of CXCR2 after Iigand 
stimulation, suggesting that clathrin-mediated endocy- 
tosis plays an important role in receptor dephosphoryl- 
ation and resensitization. In addition, ligand -media ted 
receptor down -regulation is attenuated when receptor 
internalization is inhibited by dynamin I K44A. Interest- 
ingly, inhibition of receptor endocytosis by dynamin I 
K44A does not affect the CXCR2-mediated stimulation of 
mitogen-activated protein kinase. Most significantly, 
our data indicate that the ligand-stimulated receptor 
endocytosis is required for CXCR2-mediated chemotaxis 
in HEK293 cells. Taken together, our findings suggest 
that clathrin-mediated CXCR2 internalization is crucial 
for receptor endocytosis, resensitization, and chemotaxis. 



Melanoma growth-stimulatory activity (MGSA)Vgrowth-reg- 
ulatory protein (GRO), interleukin-8 (IL-8), neutrophil-activat- 
ing peptide-2, epithelial derived neutrophil-activating peptide 
78, and granulocyte chemotactic protein-2 are members of a 
family of structurally related cytokines that induce chemotaxis 
and respiratory burst in neutrophils (1-3). These chemokines 
belong to the CXC chemokine subfamily in which the first two 
conserved cysteine residues are separated by an intervening 
amino acid (4). Several chemokine receptors have been cloned 
that bind MGSA: CXCR2 (formerly called IL-8 RB) (5), Duffy 
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antigen receptor for chemokine, and two herpesvirus-encoded 
receptors: the herpesvirus saimiri ECRF-3 and the human 
herpesvirus-8 G protein-coupled receptor (6). IL-8 binds to 
these four receptors as well as CXCR1 (formerly called IL-8 RA) 
(7), which is a receptor for IL-8 and granulocyte chemotactic 
protein-2. CXCR2 is a shared receptor that binds to IL-8, 
MGSA, neutrophil-activating peptide-2, epithelial derived 
neutrophil-activating peptide 78, and granulocyte chemotactic 
protein-2 (8). 

Like all of the chemokine receptors cloned to date, CXCR2 is 
a member of a superfamily of G protein-coupled receptors 
(GPCRs) that transduce signals to the interior of the cell 
through heterotrimeric guanine nucleotide-bmdmg proteins (G 
proteins). These receptors share a common putative structural 
topology composed of seven-transmembrane domains sepa- 
rated by three extracellular and three intracellular loops. Upon 
agonist binding, CXCR2 activates G protein-mediated phos- 
phoinositide hydrolysis to generate diacylglycerol and inositol 
1,4,5-trisphosphate, thereby activating protein kinase C and 
mobilizing Ca 24 to initiate a variety of cellular responses (9). 
Receptor activation is followed by receptor phosphorylation on 
multiple serine residues and subsequent desensitization of the 
receptor to further stimulations. These events are usually 
accompanied by receptor endocytosis and/or recycling of the 
receptor ( 10). 

A large body of evidence suggests that the major route of 
sequestration of GPCRs is via clathrin-coated pits and into 
early endosomes (11). The /3 2 -adrenergic receptor (£ 2 -AR), a 
prototypical GPCR, becomes phosphorylated upon ligand bind- 
ing and then exhibits an increased binding affinity for the 
adaptor molecules (either /3-arrestin or arrestin 3), which pre- 
vent further coupling between the receptor and G proteins (12, 
13). The arrestins are subsequently involved in £i 2 -AR seques- 
tration by specifically binding to clathrin, a major component of 
clathrin-coated pits (14, 15). It has been suggested that seques- 
tration of GPCRs to early endosomes and lysosomes might be 
responsible for receptor down-regulation and resensitization 
(16, 17). Within the acidic environment of the endosomes and 
lysosomes, the receptors either undergo dephosphorylation and 
recycle back to the cell surface and thus are resensitized or are 
degraded and down-regulated (11). 

At present, much of the in formation concerning the molecular 
mechanisms for GPCR sequestration and down-regulation is de- 
rived from the studies of /3 2 -AR. Due to the enormous number of 
GPCRs and the diverse cellular function evoked by each individual 
receptor, it is conceivable that multiple mechanisms may be em- 
ployed for receptor sequestration, down -regulation, and resensiti- 
zation. This is exemplified by the finding that while clathrin-coated 
pits are essential for agonist-promoted /3-j-AR sequestration, se- 
questration of the angiotensin II type 1A receptor does not require 
intact function of clathrin-coated pits (18). 

In contrast to the $ 2 -PlR, little is known regarding the se- 
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Fig 1 Colocalization of CXCR2 with 
the transferrin receptor. 11EK293 cells 
expressing CXCR2 were incubated with flu- 
orescein isothiocyanate-conjugated trans- 
ferrin for 2 h, washed, and chased for 30 
min. The cells were treated with 100 ng/ml 
MGSA/GRO for 0 min (A, B) or 3 h (C, D). 
The cells were then fixed, permeablized, and 
stained for CXCR2 with a rabbit anti- 
CXCR2 antibody followed by rhodamine- 
conjugated goat anti -rabbit antibody {A, C). 
The emission of fluorescein isothiocyanate- 
transferrin is shown in B and D. The arrows 
indicate the examples of co-local izati on of 
CXCR2 and transferrin receptor. Images 
were processed using Photoshop software. 



questration, down-regulation, and resensitization mechanisms 
of chemokine receptors and their roles in mediating cell che- 
motaxis, which is a distinct function for chemokine receptors. 
In order to chemotax along a gradient of chemotactic cytokine, 
the cells may employ an on-off mechanism in which the che- 
mokine receptors undergo a continuous desensitization and 
resensitization process. The present studies were focused to 
delineate the sequestration and down-regulation mechanism of 
CXCR2. To accomplish this, we transiently expressed the 
CXCR2 in HEK293 cells and examined the effects of co-expres- 
sion of the dynamin I K44A mutant on receptor sequestration, 
down -regulation, and resensitization. We also used ligand-me- 
diated MAP kinase activation and chemotaxis as functional 
assays to examine the effects of blocking the endocytosis of 
CXCR2 on its signal transduction events. The results demon- 
strate that clathrin-coated pits are primary routes for CXCR2 
sequestration and down-regulation. Blocking the endocytosis of 
CXCR2 does not affect downstream MAP kinase activation. 
However, it does severely attenuate ligand-mediated chemotaxis. 

EXPERIMENTAL PROCEDURES 

Cell Culture and Transfections — 293 human embryonic kidney cells 
(HEK293) were cultured in Dulbecco's modified Eagle's medium sup- 
plemented with 10% fetal bovine serum. HKK293 cells cultured to 80% 
confluence were transfected with the CXCR2 cDNA in the pRc/cytomeg- 
alovirus vector and the dynamin I wild-type or K4-4A mutant in the pBJ 
vector using the LipofectAMINE PLUS reagent (Life Technologies, Inc.) 
according to the manufacturer's recommendation. Before each experi- 
ment, an indirect immunfluorescence assay was used to assess the 
transfection efficiency. The transfection efficiency was approximately 
80% in each experiment. 

Receptor Internalization Assay — The acid/buffer wash technique (19) 
was used to determine the kinetics of MGSA/GRO-induced internaliza- 
tion of CXCR2. 

In Vivo Phosporylation and Western Blot A?ialysis — Receptor phos- 
phorylation assays were performed as described previously (20). In 
brief, the transfected cells were plated on six-well plates 1 day after the 
transfection. On the following day, after incubating in serum- and 
phosphate-free medium for 1 h, cells were then labeled by incubating in 
1 12 P]orthophosphate (100 /xCi/ml) in the same medium at 37 °C for 2 h. 
Cells were then stimulated with or without 100 ng/ml MGSA/GRO for 
10 mm. Dephosphorylation was performed by allowing cells to recover 
in fresh serum-free media without ligand at 37 °C for 1 h. The cells were 
then lysed in RIPA buffer containing 0.1% SDS, 0.5% sodium deoxy- 
cholnte, 1% Triton X-100, 10 mM Tris, pH 7.5, 150 mM NaCl, 1 mM 
EUTA, 1 mM phenylmethylsulfonyl fluoride, 10 ^g/ml aprotinin, and 10 
/Lg/ml leupeptin. CXCR2 was immunoprecipitated with a polyclonal 



rabbit anti-CXCR2 antibody (20) from cleared supernatants containing 
approximately 300 p.g of protein (estimated by the BCA method; Pierce), 
The immunoprecipitates were electrophoresed through a 10*?f SDS- 
polyacrylamide gel and transferred to a nitrocellulose membrane (Bio- 
Rad). The phosphorylated receptors were then detected by autoradiog- 
raphy, and the total amount of receptor was determined by Western 
blotting using a monoclonal antibody against CXCR2 to ensure equal 
loading. 

Indirect Immunofluorescence — HEK293 cells stably expressing 
CXCR2 (10) were grown on 10-mm coverslips (Fisher). To compare the 
distribution of CXCR2 and the transferrin receptor, cells were washed 
once with serum-free medium and then incubated at 37 °C with the 
same medium containing 100 u-g/ml of fluorescein isothiocyanate-con- 
jugated transferrin (Molecular Probes, Inc., Eugene, OR) for 2 h. The 
cells were washed and then chased for 30 min. Following MGSA/GRO or 
IL-8 (100 ng/ml) treatment for the indicated time periods, cells were 
processed for indirect immunofluorescence to detect the subcellular 
localization of CXCR2 (19). 

Receptor Down-regulation Assay — Cells were collected by trypsiniza- 
tion 24 h after transfection and plated onto 12-well plates. The next day, 
the cells were treated with or without 100 ng/ml MGSA/GRO for 0.5-8 
h. Cells were lysed in 0.5 ml/well RIPA buffer with proteinase and 
phosphatase inhibitors described as above, Aliquots of lysates contain- 
ing 30 ^g of protein were subjected to electrophoresis {10% SDS-poly- 
acrylamide gel electrophoresis) and then transferred to nitrocellulose 
membrane. The amount of CXCR2 was detected by Western blot using 
the previously described rabbit anti-CXCR2 antibody. 

MAP Kinase Assay — Agonist-treated cells were lysed by RIPA buffer. 
Lysates containing equal amounts of protein were subjected to SDS- 
polyacryl amide gel electrophoresis. Phosphorylated MAP kinase 
(ERK1/ERK2) was detected by a phospbo specific MAP kinase antibody 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA). 

Chemotaxis Assay — Chemotaxis assays were performed on tran- 
siently transfected HEK293 cells as described previously (10) using a 
96-well chemotaxis chamber (Neuroprobe Inc.). 

RESULTS 

Redistribution of CXCR2 to Endosomes following MGSA! 
GRO Treatment — Immunofluoresence microscopy was used to 
define the subcellular distribution of CXCR2 in stably trans- 
fected HEK293 cells using rabbit anti-CXCR2 polyclonal anti- 
body. The localization of endosomes was detected using the 
transferrin-fluorescein isothiocyanate complex as described 
previously. The majority of CXCR2 was targeted to the plasma 
membrane in untreated cells (Fig. LA). A small portion of 
CXCR2 was located intracellularly as punctate structures that 
colocalized with the transferrin receptor (Fig. 1, A and B). 
Following MGSA/GRO (100 ng/ml) treatment for 3 h, agonist 
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Fin. 2. The effect of the wild-type and K44A mutant dynamin I 
on the MGSA/GRO-stimulated CXCR2 internalization. HEK293 
cells were transiently transfected with plasmids expressing CXCR2 
with pBluescript (control) {dotted bars), rat dynamin I {striped bars), or 
rat dynamin I K44A (black bars). Two days after transfection, the cells 
were preincubated with binding buffer containing the 1 "I -MGSA/GRO 
for 30 min at 4 °C. Unbound i:ir 'I-MGSA/GKO was removed by washing 
at 4 °C. The cells were warmed to 37 °C for the indicated time period 
(also see "Expermental Procedures"). li! ' r 'I -MGSA/GRO remaining at the 
cell surface was removed with acetic acid (0.2 M, pH 2.5) containing 0.5 
M NaCL and the internalized ^I-MGSA/GRO was then quantitated on 
a ^-counter. Data are presented as mean — S.E. from three independent 
experiments. Binding to duplicate samples varied generally by less 
than l0"/f . The data were analyzed using Student's paired t test (*, 
< 0.05, *"', p < 0.005 (compared with control cells transfected with 
CXCR2 only)). 

stimulation resulted in sequestration of CXCR2, observable as 
a loss of cell surface immunofluorescence with a concomitant 
increase in the number of intracellular punctate structures. 
The distribution of the punctate structures overlapped exten- 
sively with those of the transferrin receptor (Fig. 1, C and D), 
suggesting that agonist stimulation enhances CXCR2 redistri- 
bution into endosom.es. This phenomenon was observable as 
early as 10 min with MGSA/GRO treatment (data not shown). 
1L-8 treatment induced a similar redistribution of CXCR2 to 
the endosomes (data not shown). 

Effect of Dynamin I K44A on CXCR2 Endocytosis~lt has 
been shown previously that CXCR2 undergoes a rapid endocy- 
tosis within minutes in response to either MGSA/GRO or IL-8 
stimulation. To determine whether the agonist-promoted 
CXCR2 endocytosis is a clathrin-mediated process, HEK293 
cells were transiently co-transfected with cDNAs encoding 
CXCR2 and dynamin I K44A. Agonist-promoted endocytosis 
was determined and compared with that observed in cells 
transfected only with CXCR2 or cells co-transfected with 
CXCR2 and wild-type dynamin I. Cells expressing only CXCR2 
showed rapid receptor internalization after MGSA/GRO treat- 
ment (Fig. 2). The MGSA/GRO-stimulated sequestration of 
CXCR2 occurred in a time-dependent manner. The percentage 
of endocytosed receptor increased progressively from 20% at 1 
min to approximately 60% at 20 min. Co-expression of wild- 
type dynamin I with CXCR2 seemed neither to promote nor 
inhibit the rate of CXCR2 endocytosis. In contrast, in cells 
co-expressing CXCR2 and dynamin I K44A, there was a pro- 
found inhibition of the MGSA/GRO-promoted CXCR2 endocy- 
tosis, with less than 15% of receptor endocytosed at 20 min. 
These data clearly indicate that agonist-promoted endocytosis 
of CXCR2 depends on functional expression of dynamin I and 
thus is a clathrin-mediated process. This is further supported 
by the fact that internalized CXCR2 colocalized with the trans- 
ferrin receptor. Based on ligand binding data, we observed 
similar CXCR2 cell surface expression level in cells transfected 
with CXCR2 and dynamin I K44A as compared with those 
transfected with only CXCR2. We also observed a similar effect 



on receptor endocytosis when the cells were treated with IL-8 
(data not shown). 

The Effect of Dynamin K44A on CXCR2 Phosphorylation and 
Dephosphorylation — We have previously shown that CXCR2 
undergoes a rapid phosphorylation and desensitization after 
MGSA/GRO treatment (10). To further investigate the effects 
of the inhibition of receptor endocytosis on CXCR2 dephospho- 
rylation and resensitization, transiently transfected 293 cells 
were metabolically labeled with [ 32 P]orthophosphate, treated 
with MGSA/GRO, and allowed to recover from ligand. In the 
absence of dynamin I K44A expression, phosphorylation of 
CXCR2 was detected after 10-min treatment of 100 ng/ml 
MGSA. After a 1-h recovery period following removal of ligand, 
CXCR2 underwent dephosphorylation to 44% of the stimulated 
level. However, the dephosphorylation of CXCR2 in dynamin I 
K44A co-transfected cells was greatly attenuated. After the 
same recovery period, about 80%; of receptor still remained in 
the phosphorylated form as compared with ligand-stimulated 
cells without recovery (Fig. 3, A and D). The equal loading of 
CXCR2 and expression of dynamin I K44A were confirmed by 
Western blots using antibodies against CXCR2 (Fig. 3B) and 
dynamin I (Fig. 3C). The rate of CXCR2 dephosphorylation 
with co-expression of wild-type dynamin is comparable with 
that which occurred in cells transfected with CXCR2 alone. 

Effect of Dynamin K44A on CXCR2 Down-regulation — Pre- 
viously, we have observed that MGSA/GRO treatment resulted 
in a concentration-dependent decrease in the level of CXCR2 in 
stably transfected 3ASubE P-3 and HEK293 T2 cells (10, 20). 
Based on information from a £ 2 -AR down-regulation experi- 
ment (16), we hypothesized that a portion of the internalized 
CXCR2 may be subject to proteolytic degradation in the endo- 
some or lysosome following receptor endocytosis. Moreover, 
reducing this portion of receptors by blocking endocytosis 
should have a concomitant effect on receptor degradation and 
down-regulation. To test this hypothesis, we determined the 
effect of the dynamin I K44A mutant on CXCR2 degradation 
and down-regulation in HEK293 cells. Transiently transfected 
cells were stimulated with MGSA/GRO for various time periods 
and lysed. The relative amount of CXCR2 was assessed by 
Western blot using whole cell lysates. As demonstrated in Fig. 
4, MGSA/GRO treatment promoted progressive CXCR2 degra- 
dation in a time-dependent fashion. After 2 h of treatment, cells 
lost 14% of receptor. The percentage of CXCR2 loss was in- 
creased to 49% following 8 h MGSA/GRO incubation. In con- 
trast, the dynamin I K44A mutant effectively reduced the 
agonist-promoted CXCR2 degradation, with only 15% of 
CXCR2 being degraded after 8 h of MGSA/GRO treatment (Fig. 
4). These data suggest that a portion of endocytosed CXCR2 
undergoes degradation and down-regulation via a clathrin- 
mediated event. 

Effect of Dynamin K44A on CXCR2- mediated MAP Kinase 
Activation — Previous studies demonstrated that IL-8 stimula- 
tion on its receptors in neutrophils resulted in activation of 
MAP kinase pathway (21). We also confirmed the activation of 
MAP kinase following MGSA/GRO stimulation in HEK293 T2 
cells. To study the downstream CXCR2 signal transduction 
pathway, we next examined the effect of dynamin 1 K44A 
expression on MAP kinase activation. The MGSA/GRO- 
dependent activation of MAP kinase in cells expressing both 
CXCR2 and dynamin I K44A was compared with that of cells 
expressing only CXCR2 by using a phosphospecific ERK1/ 
ERK2 antibody. As demonstrated in Fig. 5, A and C, dynamin 
I K44A cells exhibited an identical MAP kinase activation 
response following 5 min of MGSA/GRO or IL-8 (100 ng/ml) 
stimulation. Equal loading was confirmed by immunoblotting 
with an antibody against ERK-2. 
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Fig. 3 The effect of the dynamin I K44A mutant on CXCR2 phosphorylation and dephosphorylation. HEK293 cells were transiently 
transfected with plasmids expressing CXCR2 with or without rat dynamin I K44A A, a representative autoradiograph from two independent 
experiments showing the phosphorylation and dephosphorylation of CXCR2 in the whole cell lysates. Cells were treated with 100 ng/ml 
MGSA/GRO for 0 min (lanes J and 4) or 10 min 'lanes 2. 3, 5, and 6). Cells were then washed, incubated in fresh medium without ligand for 1 h 
< lanes 3 and 6), or kept on jce (lanes 2 and 5). B. the equal amount of receptor loading was confirmed by Western blot using a monoclonal 
anti-CXCR2 antibody. C, the expression of dynamin J K44A on the transfected cell lysates was detected by Western blot using anti-dynamin 
antibody. D, quantification of the mean r S.E. of two different experiments performed in duplicate. The data were normalized to MGSA-stimulated 
CXCK2 phosphorylation. Dotted bars, phosphorylated, striped bars, dephosphorylated. 
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Fig. 4. The effect of dynamin I K44A mutant on MGSA-stimulated CXCR2 degradation and down-regulation. A, HEK293 cells were 
transiently transfected with plasmids expressing CXCR2 with (lanes 5-8) or without (lanes 1-4) rat dynamin 1 K44A. The cells were harvested 
and plated equally onto 12-well plates. The cells were then treated with 100 ng/ml MGSA/GRO for 0 min {lanes 1 and 5), 0.5 h (lanes 2 and 6), 2 h 
(lanes 3 and 7), and 8 h (lanes 4 and 8). 30 ji.g of protein from clarified RIPA lysates were loaded per lane, and Western blot analysis was performed 
with rabbit anti-CXCR2 polyclonal antibody and visualized by horseradish peroxidase-conjugated secondary antibody. The arrow indicates CXCR2 
epitope. B, the density of the bands (mean * S.E.) representing CXCR2 was determined by densitometric scanning. The results represent one of 
two experiments performed in duplicate. Dotted bars, CXCR2; striped bars, CXCR2 plus dynamin I K44A. 



Effect of Dynamin K44A on CXCR2- mediated Chemotaxis — 
Ligand-stimulated CXCR2-mediated chemotaxis is a direct and 
effective functional test to access chemokine receptor signal 
transduction. We used chemotaxis assays to determine if block- 
ing of receptor endocytosis by co-expression of dynamin I K44A 
could abolish the CXCR2-mediated chemotaxis toward a gra- 
dient of IL-8 (Fig. 6) or MGSA/GRO (data not shown). We 
observed an IL-8 concentration-dependent chemotactic re- 
sponse in cells expressing wild-type receptor, with a peak mi- 
gration occurring at a concentration around 25-50 ng/ml IL-8. 
Also, the cellular migration response followed a typical bell- 
shaped curve in which the chemotaxis was inhibited at higher 
concentrations of IL-8 (Fig. 6). Strikingly, overexpression of 
dynamin I K44A resulted in marked attenuation of CXCR2- 
mediated chemotaxis. These data suggest that agonist-medi- 
ated endocytosis and resensitization are crucial for CXCR2- 
mediated chemotaxis. 

DISCUSSION 

CXCR2 is internalized into vesicular compartments follow- 
ing agonist stimulation and phosphorylation at multiple serine 
residues in the carboxyl-terminal domain in a manner similar 
to that observed for several other GPCRs. However, the mech- 
anisms responsible for receptor endocytosis and the functional 
significance of this event regarding receptor signal transduc- 
tion are largely unknown. Our studies provide direct biochem- 



ical evidence for the requirement of a dynamin-mediated for- 
mation of clathrin-coated pits in CXCR2 sequestration, 
resensitization, and down-regulation. More importantly, our 
data suggest that endocytosis of receptor is prerequisite to its 
ability to continuously sense the agonist stimulation that is 
unique for chemokine receptor-mediated chemotaxis. 

Previous studies have identified dynamin as a major compo- 
nent of clathrin-mediated endocytosis (22). Dynamin associates 
with the adaptor protein AP2 complex (23). Once localized to 
the clathrin-coated pits, dynamin promotes endocytosis by cat- 
alyzing the pinching off process of coated vesicles (24, 25). 
Dynamin GTPase activity is essential for the formation of 
clathrin-coated pits. This is confirmed by the observation that 
expression of a GTPase-defective dynamin mutant prevents 
formation of the endocytic clathrin-coated vesicles (25, 26). 

Using a dominant-negative mutant of dynamin I (K44A), we 
have demonstrated inhibition of ligand-induced CXCR2 endo- 
cytosis. This observation suggests that CXCR2 internalization 
is mediated by a highly conserved mechanism that is dynamin- 
and clathrin-dependent. Our immunofluorescence experiments 
revealed that CXCR2 internalization in HEK293 cells reached 
to endosomal compartments following MGSA/GRO treatment. 
Colocalization of CXCR2 with the transferrin receptor in trans- 
fected HEK293 cells is consistent with the concept that both 
receptors utilize the same clathrin-dependent pathway. In the 
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Fig. 5. The effect of dynamin I K44A mutant on MGSA or 
IL-8-stimulated ERK activation in HEK293 cells. A, HEK293 cells 
were transiently transfected with plasmids expressing CXCR2 with 
(lanes 1-3) or without (lanes 4-6) dynamin 1 K44A. The cells were 
harvested and plated equally onto 60-mm plates. The cells were then 
treated with buffer (lanes 1 and 4) or 100 ng/ml MGSA/GRO (lanes 2 
and 5) or 1L-8 (lanes 3 and 6) for 5 min, 30 Mg of protein from clarified 
R1PA lysates were loaded per lane, and Western blot analysis was 
performed with a phosphospecific MAP kinase antibody and visualized 
by an horseradish peroxidase -conjugated secondary antibody. B, the 
blot from A was striped and reprobed with an antibody against ERK-2 
to ensure the equal loading. C, the density of the bands (mean * S.E.) 
representing phosphorylated ERKl and ERK2 was determined by den- 
sitometric scanning. The results were obtained from three independent 
experiments. Dotted bars, CXCR2; black bars, CXCR2 plus dynamin 1 
K44A. 
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Fie. 6 The effect of the dynamin I K44A mutant on IL-8-stim- 
ulated CXCR2-mediated chemotaxis of HEK293 cells. HEK293 
cells were transiently transfected with plasmids expressing CXCR2 
with (striped bars) or without (dotted bars) rat dynamin 1 K44A. Two 
days alter transfection, cells were compared for chemotaxis in response 
to 1L-8 stimulation as described under "Experimental Procedures." 
Values represent the means - S.E. of three independent experiments 
performed on different days. The data were analyzed using Student's 
paired ( test (=* , p < 0.05). 

absence of agonist, a small but. detectable portion of CXCR2 
seems to be localized in the endosomes (Fig. LA). This may be 
due to constitutive receptor internalization and recycling. This 
idea is supported by the Finding that overexpression of dy- 
namin I K44A reduces basal intracellular localization of 
CXCR2 (data not shown). 

After internalization to the endosome, the receptor will be 



dephosphorylated and either recycled back to cell surface or 
degraded by proteolytic enzymes (11, 27). Using the dynamin I 
K44A mutant, we have shown that clathrin-mediated receptor 
internalization is a critical initial step for CXCR2 resensitiza- 
tion and down-regulation. Co-expression of dynamin I K44A 
resulted in significant diminution of both CXCR2 dephospho- 
rylation and down-regulation. Although the exact mechanism 
responsible for dephoshorylation of GPCRs remains unclear, it 
is postulated that the conformational change of the receptor in 
the acidic environment facilitates dephosphorylation by a G 
protein-coupled receptor phosphatase (28). Recycling and re- 
sensitization of dephosphorylated receptor is believed to allow 
the chemokine receptors to sense and respond to a continuous 
gradient of chemokine stimulation. 

The functional role of agonist-promoted CXCR2 endocytosis 
has long been elusive in the field of CXCR2 signal transduction. 
The result of MGSA/GRO and IL-8-mediated MAP kinase ex- 
periments suggests that CXCR2 endocytosis is not required for 
its immediate downstream signaling. These data are supported 
by the previous observation that a mutant CXCR2 deleting 31 
carboxyl-terminal amino acids exhibited significantly impaired 
agonist-induced receptor endocytosis but not inhibition of ad- 
enyWl cyclase or MAP kinase activation (29). Further evidence 
suggesting the separation between CXCR2 endocytosis and 
immediate downstream signal transduction events came from 
the studies of another CXCR2 deletion mutant (30). Richardson 
et al. (30) demonstrated that a CXCR2 mutant (33 IT), exhib- 
iting a deletion of the last 25 amino acid residues of the car- 
boxyl-terminal domain, lost agonist-stimulated phosphoryla- 
tion and sequestration when expressed in the placental cell 
RBL-2H3 cells. However, the immediate downstream signal 
transduction events such as GTPase activity, phosphatidyl- 
inositol hydrolysis, /^-hexosaminidase release, and Ca 2 ' mobi- 
lization were not impaired. Studies of the (:! 2 -AR indicate that 
the capacity of the receptor to signal through adenylyl cyclase 
remains intact following total inhibition of receptor endocytosis 
by dynamin K44A (17). However, others demonstrate that in 
HEK293 cells, the £f 2 -AR mediated activation of MAP kinase is 
inhibited by blocking receptor internalization although tyro- 
sine phosphorylation-mediated activation of She and Raf ki- 
nase are unaffected (31). The reasons for the discrepancy in 
ligand-mediated receptor endocyrosis and downstream MAP 
kinase activation between CXCR2 and /3 2 -AR are not clear. 

The chemotaxis assay is believed to be the most useful assay 
to evaluate the signal transduction capability of chemokine 
receptors, since it measures the ultimate result of a cascade of 
intracellular events that are activated by ligand-receptor inter- 
action. More importantly, this assay also provides a functional 
read out for a process composed of sequential desensitization 
and resensitization events with respect to receptor activation. 
Our results clearly demonstrate that overexpression of dy- 
namin I K44A abolished the CXCR2 -mediated HEK293 cell 
chemotaxis toward both IL-8 and MGSA/GRO. The equal or 
similar cell surface expression of receptors has been confirmed 
in each experiment by immunofluorescence assay to exclude 
the possibility that the reduced chemotaxis in cells expressing 
dynamin I K44A is due to reduced receptor expression or cell 
surface targeting. The specific signal pathway responsible for 
chemotaxis is poorly understood. In human neutrophils, phos- 
phatidylinositol 3-kinase activity is required for both induction 
of chemotaxis and MAP kinase activation (32). When phos- 
phatidylinositol 3-kinase is blocked with wortmannm, IL-8- 
induced MAP kinase is also blocked (21). The fact that MAP 
kinase activation in cells expressing dynamin I K44A is normal 
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makes it unlikely that phosphat idylinositol 3-kinase activity is 
affected in these cells. Considering the fact that endocytosis 
permits CXCR2 dephosphorylation and resensitization, we 
therefore postulate that endocytosis, dephosphorylation, resen- 
sitization, and recycling of CXCR2 is required for graded re- 
sponse to ligand stimulation. 

Blocking receptor internalization does not have major effects 
on the generation of immediate downstream signals but does 
alter the ability of cells to respond to a continuous signal 
generated over a concentration gradient, based upon the loss of 
receptor dephosphorylation and the subsequent receptor recy- 
cling. Another possible explanation for the blocking effects of 
dynamin I K44A on cell chemotaxis may be due to the inhibi- 
tion of the redistribution of cell surface chemokine receptor and 
receptors for matrix attachment. One model of cell migration 
suggests that there is an increased exocytosis at the leading edge 
of moving cells ( 33, 34). This polarized exocytosis may be involved 
in delivery of fresh integrins and chemokine receptors to the cell 
front. This process enables the migrating cells to attach to the 
extracellular matrix and to sense the chemokine stimulation. 

Following ligand-stimulated receptor phosphorylation, GPCRs 
bind to adaptor molecules that directly inhibit the interaction 
between receptor and G-protein (12, 13). In the case of the 
£i 2 -AR, the binding of /3-arrestin and arrestin-3 is also an initial 
event required for receptor internalization (14, 15). Both £i-ar- 
restin and arrestm-3 can function as adaptors. The association 
of these molecules w r ith phosphorylated receptor and clathrin is 
a key event in the formation of clathrin-coated pits. Recently, 
Aragay et al. (35) reported that /3-arrestin associates with 
CCR2 shortly after agonist stimulation, suggesting that ar- 
restins might play a universal role in mediating GPCR desen- 
sitization and internalization. Studies are currently in progress 
to test the role of arrestins and other adaptor molecules in 
CXCR2 desensitization and internalization. 

In summary, we have established that agonist-promoted 
CXCR2 proceeds through the formation of clathrin-coated pits 
to endosomes. Furthermore, we demonstrated that the CXCR2 
internalization is required for receptor dephosphorylation, re- 
sensitization, and down-regulation but not for immediate 
downstream signaling. More importantly, our chemotaxis ex- 
periments indicate that agonist-stimulated receptor endocyto- 
sis and dephosphorylation is essential for normal chemokine 
receptor-mediated chemotaxis in HEK293 cells. 
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Regulation of the Expression of IL-8 Receptor A/B by 1L-8 
Possible Functions of Each Receptor 



Anan Chuntharapai and K. Jin Kim 1 

Department of Bioanalytical Technology, Genentech, Inc., South San Francisco, CA 940B0 

We investigated the regulatory mechanism of the expression of IL-8R, IL-8R type A (IL-8RA), and [L-8R type B 
(IL-8RB) on human neutrophils by IL-8. The expression of IL-8RA/B was analyzed by flow cytometry using mAb 
specific for each receptor. IL-8 down-modulated >90% of 1L-8RA and IL^8RB expression within 5 min. A related 
C-X-C chemokine, melanoma growth stimulatory activity, down-modulated 1L-8RB but not IL-8RA. It required 7 
to 13 times more IL-8 to down-modulate IL-8RA than IL-8RB, as determined by the half-maxima! effective con- 
centration of IL-8. Scatchard analysis showed that the affinity of IL-8RA for IL-8 was lower than that of IL-8RB. The 
possible functions of each IL-8R were explored by comparing 1) the expression levels of IL-8RA/B on migrated 
neutrophils during in vitro chemotaxis assay and 2) the recovery rate of IL-8RA/B expression after down-modu- 
lation by IL-8. Results obtained from the in vitro chemotaxis show that the expression level of IL-8RB, but not 
IL-8RA, on neutrophils that migrated into the chamber containing low concentrations (<1 nM) of IL-8 was sig- 
nificantly reduced compared with the control level. This suggests that IL-8RB may play an active role in the 
initiation of neutrophil migration distant from the site of inflammation, where the concentration of IL-8 is at the 
picomolar level. After down-modulation by 1 19 nM IL-8, the expression of IL-8RA fully recovered within 1.5 h, 
while the recovery rate of IL-8RB expression was slow and never reached more than 40% of the control level 
during a 3-h culture period. The rapid reexpression of IL-8RA suggests that the low affinity IL-8RA may play a more 
active role in mediating IL-8 signal at the site of inflammation, where the concentration of IL-8 is high. The 
journsl of Immunology, 1995, 155: 2587-2594. 



Neutrophil accumulation in tissues has been rec- 
ognized as a cardinal sign of inflammation. IL-8 
is known to be a major neutrophil chemotactic 
factor (1-3). Two types of human IL-8R mediating trans- 
membrane signals have been described: IL-8RA 2 and 1L- 
8RB (4, 5). Both IL-8RA and 1L-8RB are expressed not 
only on human blood neutrophils but also on monocytes 
(6, 7), a subset of NK cells, and a subset of T cells (6), 
although neutrophils express the highest level among these 
cells. A major question is the physiologic role of each 
receptor. To understand the role of 1L-8RA / IL-8RB ex- 
pressed on human neutrophils during inflammation, it is 
important to know the affinities of 1L-8RA/IL-8RB for 
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IL-8. It has been reported that both IL-8RA and IL-8RB 
bind to IL-8 with similar high affinities (3, 8-12), although 
the magnitudes of the affinities reported varied from 0.1 to 
4 nM. However, these receptors have widely different affin- 
ities for MGSA. IL-8RA binds MGSA with low affinity in 
the range of 1 00 to 450 nM, while IL-8RB binds MGSA with 
high affinity in the range of 100 pM to 2 nM (3, 8-12). Thus, 
IL-8RB is referred to as a promiscuous receptor responding 
to various C-X-C chemokines in addition to IL-8, while IL- 
8RA is referred to as an IL-8- specific receptor. Both recep- 
tors coexist on human neutrophils; therefore, it has been dif- 
ficult to precisely determine the affinity of each receptor for 
IL-8 on the neutrophil. In the past, much information on these 
affinities was obtained by using transfected cells expressing 
each receptor separately. 

IL-8 has been shown to activate neutrophils through a 
single subunit interaction with its receptor (13). Alanine 
scanning mutagenesis (14) and synthesis of N-tcrminal- 
truncated variants (15) of IL-8 suggest that IL-8 residues 
E 4 , L 5 , and R 6 are essential for IL-8 binding to its recep- 
tors. In addition to this ELR sequence of IL-8, different 
portions of the IL-8 molecule interact with IL-8RA and 
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IL-8RB { Ifi). A sequence between amino acid residues 7 
to 50 was shown to be involved in binding to IL-SRA. 
while the C-tcrminal portion (residues 52-72) of IL-8 was 
shown to play a role in binding to IL-SRB (16). 

It has been reported that [ l25 I]IL-S bound to the IL-8R 
on neutrophils is rapidly internalized and degraded (17— 
19). More than 90% of the ligand-bound receptors are en- 
docytosed within 10 min, and the receptors arc recycled, 
as indicated by their reexpression on the cell surface (17). 
In this study, we further extended these observations by 
using IL-8RA- and IL-8RB-specific mAb to investigate 
the ability of IL-8 to differentially regulate the expression 
of the each receptor. Understanding the regulatory effect 
of IL-8 on 1L-8RA/B expression on human neutrophils 
may provide insight into the physiologic role of each re- 
ceptor during inflammation. 

Materials and Methods 

Down-modulation of the expression of IL-8R by lt-8 

Human neutrophils were separated from whale blood by Ficoll-Hypaque 
gradient centrifugal ion (Mono-Poly Resolving Medium, 1CN Biomedi- 
cal. Inc., Aurora, OM) as described by the vendor, followed by lysis of 
erythrocytes with iso-osmotic NH^CI. Neutrophils were suspended to 10'' 
cells/ml in HBSS plus 0.1% BSA, prcwarmcd al 37°C for 15 min, and 
then incubated wiih various concentrations of human IL-8 or MCSA for 
15 min at 37°C. After washing twice in cold FACS buffer, cells were 
divided into two parts and stained with FITC-yHl (anti-IL-SRA) (20) or 
FITCMUH2 (anti-IL-8RB) (6) for 30 min at 4°C. Cells were then washed 
twice in FACS buffer, and the level of F1TC bound to the cells was analyzed 
by flow cytometry (FACScan, Becton Dickinson, Milpitas, CA). 

Determination of the affinities of IL-8RA/B on human 
neutrophils for IL-8 and MGSA by Scat chard analysis 

To determine the aftinitv of IL-8RA, human neutrophils were prewarmed 
al 37 n C for 15 mm and incubated with 127 nM MGSA for 15 min al 37 B C 
to completely down-modulate 1L-8RB. After washing twice in cold bind- 
ing buffer (HBSS without Ca 2 + and Mg 2 \ with 25 mM HEPES and 
0.5% BSA), cells were suspended to 4 X 10* cells/ml in the binding 
buffer. To determine the affinity of IL-HRB, cells rcsuspended lo 4 X 
10 r 7ml in binding buffer were incubated with 200 fig/ml of mAb 9H1 
(anti-IL-8RA) at 4°C for 30 min to block IL-8RA binding to IL-8. These 
pretreated cells were then used for the IL-8R binding assay, as described 
previously (20). Experiments were performed in triplicate. Briefly, cells 
were incubated with ['"lJIL-8 (spec, act., 2(XX) Ci/mM; Amersham 
Corp., Arlington Heights, IL) in the presence of various concentrations 
(0.005-11.9 nM) of 11-8 at 4°C for 1 h. The unbound [ ,2s IJH.-8 was 
removed by sucrose gradient centrifugation. The level of [ l2 ^I]IL-8 
bound to cells was determined by a gamma counter. The binding data 
were curve fit with the computer program Ligand (21), and the affinities 
of IL-8RA/B for IL-8 were determined by Scalchard analysis 

To determine the affinities of IL-8RB on human PMN for MGSA, 
PMN were incubated with ['^IJMGSA (sp. act., 2200 Ci/mM; DuPont 
Co.. Biotechnology Systems. Wilmington, DR) in the presence of various 
concentrations (O.OOo'-l 2.75 nM) of MGSA at 4°C for 1 h. The remain- 
ing steps were conducted as described above. 

Neutrophil chemotaxis assays 

Neutrophils were suspended lo 10 r> cells/ml in HBSS plus 0.1% BSA. 
Two hundred milliliters of cells were loaded into the upper chamber 
(3.0- /Am Nucleopore polycarbonate insert chamber, no. 3415, Costar, 
Cambridge. MA), and various concentrations of IL-8 were added to the 
lower chamber After incubation at 37°C for 30 min in a C0 2 incubator, 
cells that migrated lo the lower chamber were harvested and washed 
twice in cold FACS buffer The expression level of 1L-8RA/B on these 
migrated cells was determined by flow cytometry, as described above. 




Fluorescence 



FIGURE 1. Flow cytometry analysis of IL-8RA expression 
on human neutrophils treated with or without IL-B at 4 or 
37 C C. Cells were incubated with 11 9 nM human IL-8 for 30 
min at 4°C (C) or W°C {if), and the expression level of IL- 
SRA was detected by FITC-9H1 mAb. D, Cells al 4 C C without 
IL-8; A, unstained control. 



Determination of li-8 concentrations by ELISA 

The concentrations of IL-8 present in the culture supernatant were deter- 
mined by the mAh-based IL-8-specific ELISA previously described (22). 

Results 

Blocking mAb to IL-8RA/B can detect IL-8R on 
human neutrophils that were preincubated with IL-8 

To investigate the regulatory mechanisms of IL-8RA7B 
expression using mAb specific for each receptor, we first 
determined whether preincubation of cells with IL-8 
would prevent the mAb from binding to the cell surface 
1L-8R. Human neutrophils were incubated with or without 
11 9 nM IL-8 for 30 min at 4 or 37°C, washed, divided into 
two parts, stained with FITC-9H1 (anti-IL-8RA) or FITC- 
10H2 (anti-IL-8RB) at 4°C, and examined by flow cytom- 
etry. Figure 1 shows the result obtained with FITC-9H1 
mAb. A similar finding was observed with FITC-10H2 
mAb (data not shown). Under the conditions tested, the 
level of IL-8RA detected on neutrophils preincubated with 
IL-8 at 4°C (Fig. 1C) was similar to that on untreated cells 
(Fig. \D). At this temperature, there was no down-mod- 
ulation of receptors even though IL-8 bound to IL-8R on 
the cell membrane. This observation shows that mAb 9H1 
could detect the IL-8RA on neutrophils that were prein- 
cubated with IL-8. When neutrophils were incubated with 
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FIGURE 2. Rate of down-modulation of IL-8R on human 
neutrophils. Human neutrophils (5 x TO' 1 cells/500 of me- 
dium) were incubated for various times at 37°C with or with- 
out 1 1 9 nM human IL-8. After washing in cold medium, celis 
were divided into two parts, stained with FITC-9HI (anti-IL- 
8RA) or FITC-10H2 (anti-IL-8RB) for 30 min at 4X, and an- 
alyzed by flow cytometry 



IL-8 at 37°C, there was a significant reduction in the IL- 
8RA level detected by FITC-9H1 (Fig. IB), confirming 
the previous report that IL-8 down-modulated the expres- 
sion of IL-8R (17). This experiment shows that FITC-9H1 
and FITC-10H2 can be used to detect IL-8RA/B to 
achieve further understanding of the mechanism of recep- 
tor down-modulation by IL-8. 

Differential down-modulation of IL-8RA/B expression 
on human neutrophils by IL-8 and MCSA 

To determine the rate of down-modulation of IL-8RA/B 
expression by IL-8, neutrophils were incubated with 119 
nM IL-8 for various times at 37°C. After incubation, the 
expression levels of IL-8RA/B were determined by stain- 
ing cells with FITC-9H1 or FITC-10H2 at 4°C, respec- 
tively (Fig. 2). Within 5 min after the addition of IL-8, 
>80% of IL-8RA/B disappeared from the membrane, con- 
firming the previous report of Samanta et al. (17). 

We also determined the effects of various doses of IL-8 
on the down-modulation of IL-8RA/B. Since these two 
receptors were reported to have similar affinities (3, 8-12), 
we expected similar dose responses of IL-8RA/B to IL-8. 
In fact, there were significant differences in the dose re- 
sponses of these two receptors (Fig. 3, top and middle 
panels). The EC 50 of IL-8 required to down-modulate 
50% of the IL-8RA and IL-8RB were 1 and 0.2 nM in 
donor 1, and 1.5 and 0.2 nM in donor 3, respectively. As 
reported (6), we observed donor variation in the expres- 
sion levels of IL-8RA/B and in the EC 50 of IL-8 required 
for down-regulation of these receptors. However, regard- 
less of the expression level of IL-8RA and IL-8RB among 
different donors (Fig. 3, donors 1 and 3), the EC 50 of IL-8 
required for the down-modulation of IL-8RA was higher 
than that of IL-8RB (Table I). Despite the high IL-8 con- 
centration (>100 nM) or longer incubation time (>1 h) t 
we could not completely down-modulate IL-8RA/B ex- 
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FIGURE 3. Comparison of the dose responses of IL-8RA/B 
to IL-8 and MCSA for down-modulation. Cells were incu- 
bated with various concentrations of human IL-8 or MCSA 
for 1 5 min at 37°C. At the end of the incubation, cells were 
stained with FITC-9H1 or FITC-10H2 and analyzed by flow 
cytometry. 



pression on neutrophils. This may be due to the two on- 
going competitive processes: down-modulation of recep- 
tors by the ligand and reappearance of receptors after 
dissociation from the bound ligand. 

We also investigated the effect of MGSA on the down- 
modulation of IL-8RA/B, since MGSA was reported to 
bind to IL-8RA with a low affinity and to IL-8RB with a 
high affinity similar to that of IL-8 (3, 8-12). The results 
in Figure 3 show that MGSA down-modulated IL-8RB but 
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Table I. Aftmiiy and EC bQ of 11-8RA/B for IL-8 



IL-8RA IL-flRB 



Donor 






FT * 




1 


1.950 


0.168 


0.150 


0.031 




1.300 


0.096 


0.195 


0.027 


3 


1 .250 


0.266 


0.180 


0.130 


4 


ND 


0.130 


ND 


0.032 



* (nM) was determined by using Scatchard analysis. 
" EC, 0 (nM): the concentration of IL-8 which down-moduldtes IL-8R to be 
50% of the fresh ronrrrjl level. 



not IL-8RA, confirming the promiscuous nature of IL- 
8RB. In some donors, we found a slight down-modulation 
of IL-8RA at very high concentrations (>200 nM) of 
MGSA (data not shown). However, the concentration of 
MGSA is unlikely to reach this level even during inflam- 
mation. Therefore, we concluded that MGSA had little 
effect on the down-modulation of IL-8RA. 

Affinities of IL-8RA/B on human neutrophils for IL-8 
and MGSA 

It has been generally accepted that IL-8RA/B have similar 
high affinities for IL-8, even though the reported affinities 
of IL-8RA/B for IL-8 vary from 0.1 to 4 nM (3, 8-12). 
However, results shown in Figure 3 showed that IL-8RB 
was more sensitive to IL-8 than IL-8RA, suggesting that 
IL-8RB had a higher affinity for IL-8 compared with IL- 
8RA. To confirm this affinity difference between IL-8RA 
and IL-8RB, we compared the affinities of these two re- 
ceptors for IL-8 by Scatchard analysis (Fig. 4). Most af- 
finity determination analysis for IL-8RA/B was performed 
using transfected cells, since both receptors are simulta- 
neously expressed on human neutrophils. It is important to 
compare the affinities of these two receptors on neutrophils 
to understand the function of IL-8RA/B on neutrophils, 
rather than using transfected cells, because we do not 
know how other cell membrane components interact with 
IL-8R. 

To determine the affinity of IL-8RA on human neutro- 
phils for IL-8, we down-modulated IL-8RB with 127 nM 
MGSA, as shown in Figure 3 to avoid the problem of IL-8 
binding to IL-8RB. This MGSA concentration was chosen 
because we observed slight down-modulation of IL-8RA 
at >200 nM MGSA in some donors. To determine the 
IL-8RB affinity for IL-8, we blocked the binding of IL-8 to 
IL-8RA by the addition of an excess amount of mAb 9H1, 
anti-IL-8RA, since we did not have an easy way to down- 
modulate IL-8RA without interfering with IL-8RB expres- 
sion. Figure 4 shows a typical example of the Scatchard 
analysis of IL-8RA/B affinity for IL-8. The affinities of 
IL-8 binding to IL-8RA and IL-8RB were 168 and 31 pM, 
respectively. Scatchard analysis of the IL-8RA (Fig. 4A, 
inset) showed that most data points were well fitted to a 
one-binding site model. This suggests that the down-mod- 
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FIGURE 4. Comparison of the affinities of IL-8RA and IL- 
8RB on human neutrophils for IL-8 by Scatchard analysis. 
Human neutrophils were incubated with 127 nM MGSA 
(A) and 200 Mg/ ml of mAb 9H1 (£?) to determine the affin- 
ities of IL-8RA, IL-8RB, and total IL-8R, respectively. Cells 
were then incubated with [ ,2S l]IL-8 in the presence of var- 
ious concentrations of IL-8 at 4°C for 1 h. The unbound 
[ 125 l]iL-8 was removed by sucrose gradient centrifugation. 
The level of [ 125 l]IL-8 bound to cells was determined by a 
y-counter. The affinity of each receptor was determined by 
Scatchard analysis. 



ulation of IL-8RB by MGSA was an effective way to block 
IL-8 binding to IL-8RB during the Scatchard analysis of 
the IL-8RA, even though the down-modulation of IL-8RB 
by 127 nM MGSA was not 100% complete, as shown in 
Figure 3. However, Scatchard analysis of the IL-8RB (Fig. 
4B, inset) showed some deviation from a one-binding site 
model. This suggests that the inhibition of IL-8 binding of 
IL-8RA by mAb 9H1 was not 100% complete, and some 
of the IL-8A would participate in the affinity determination 
for IL-8RB. Since we observed donor variations in the 
expression level of each IL-8R (6, 10), we compared the 
affinities of IL-8RA/B for IL-8 in several donors (Table I). 
Results obtained from four donors showed that the affinity 
of IL-8RB for IL-8 was two- to fivefold higher than that of 
IL-8RA. Since the blocking of one receptor was not com- 
plete during Scatchard analysis of the other, the actual 
difference between two IL-8RA/B would be greater than 
what we observed. When we compared the EC 50 of IL-8 
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Affi nines (K u in pM) 

Donor 1 Donor 2 Donor 3 Mean •+ SD 

66.99 71.26 70.52 69.39 + 2.2B 

A 9617 120.71 96.58 1 04 .49 + 1 4 .05 
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contrast, the affiniites of IL-8KB for MGSA were rielerrnrned using 
cell*. 
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obtained from three different donors showed that 
nity of IL-8RB for IL-8 (AT d = 69 pM) was only 
higher than that for MGSA (K A — 104 pM), although 
ilues were significantly different (p < 0.05). 

ntiaf expression levels of IL-8RA/B on 
oh Us that migrate to different 
ltrations of IL-8 

ortant question is the role each IL-8R plays during 
lation. Our results show that IL-8RB has a higher 

for IL-8 compared with IL-8RA. Therefore, we 
tc that 1L-8RB receives the IL-8 signal first at a site 
from the inflammation, where the IL-8 conccntra- 
low, and this initiates neutrophil migration toward 
ammatory area. To investigate this possibility, we 
an in vitro chemotaxis assay. Neutrophils were 
into the upper chamber, and various concentrations 

were loaded into the lower chamber. After neu- 

were allowed to migrate into the lower chamber 
nin, migrated cells were harvested, and the expres- 
^els of IL-8RA/B were determined by flow cytom- 
g. 5). The level of IL-8RB, but not IL-8RA, on 
hils that migrated to the chamber with <1 nM IL-8 
nificantly down-modulated. This supports the hy- 
> that IL-8RB may be the first receptor binding to 
d transmits the migratory signal of IL-8 to neutro- 

distant inflammation sites where the IL-8 concen- 
is low. The results shown in Figure 5 also suggest 
lcutrophils migrate closeT to the inflammatory area, 
he IL-8 concentration is high, fewer IL-8RB re- 
i the cell surface, and the low affinity IL-8RA re- 
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FIGURE 5. The expression levels of lL-BRA^S on human 
neutrophils after migration induced by IL-8 in vttro. Neutro- 
phils were loaded into the upper chamber, and various con- 
centrations of IL-8 were loaded into the lower chamber. After 
incubation at 37 D C for 30 min, cells that migrated to the 
lower chamber were harvested, and the expression fevef of 
1L-8RA/B was analyzed by flow cytometry. The percent ex- 
pression of IL-8RA/B was determined by dividing the mean 
fluorescence unit (MFU) of IL-8RA/B on migrated cefls by the 
MFU of IL-8RA/B on untreated cells. 

maining on the surface become an important participant in 
transmitting the IL-8 signal. 

Reappearance of IL-8RA/B after down-modufation 

It has been well documented that the low affinity receptor 
could be easily dissociated from the ligand compared with 
the high affinity receptor (23). Therefore, we postulated 
that the low affinity IL-8RA might play a more active role 
in mediating the IL-8 signal at the inflammatory area. To 
explore this possibility, we investigated the fate of IL- 
8RA/B after down-modulation by IL-8. Previously, it was 
reported that NH 4 C1, a lysosomotropic agent, inhibited the 
recycling of IL-8R on human neutrophils. Therefore, hu- 
man neutrophils used in these experiments were prepared 
without NH 4 Cl treatment. Cells were incubated with 119 
nM IL-8 for 15 min to achieve maximum down-modula- 
tion, washed three times, incubated at 37°C for various 
times, and examined for the expression levels of IL- 
8RA/B during a 3-h culture period. As shown previously, 
most of the IL-8RA/B was down-modulated by 119 nM 
IL-8- However, once the exogenous IL-8 was removed, the 
level of IL-8RA continued to increase and reached 85% of 
the untreated fresh control level during a 1.5-h culture pe- 
riod. In contrast, the level of IL-8RB recovered to only 
— 40% of the control value during a 1-h culture period and 
then remained at that level throughout the experiment. The 
rapid reexpression of IL-8RA after complete down-mod- 
ulation supports the hypothesis that IL-8RA may play a 



2592 



REGULATION OF IL-8RA/B EXPRESSION 




100 



^80 



60 _ 



a. 
co 



-40 



20 



60 90 120 150 180 210 
Time (min) 

FIGURE 6. Rate of the reappearance of down-modulated 
IL-8Rs. Neutrophils (10 6 cells/ml) were incubated with or 
without 1 19 nM IL-8 at 37°C for 1 5 min. After washing, cells 
were aliquoted, incubated for various periods at 37°C, and 
analyzed for expression level of IL-8RA/B by flow cytometry. 

IL-8RA with IL-8; O, 1L-8RA without IL-8; ■. IL-8RB with 
IL-8; 1L-8RB without IL-8; A, IL-8 in the culture superna- 
tants of neutrophils (5 x 10 5 cells/ml). 



more active role in transmitting the IL-8 signal in the in- 
flammatory area compared with IL-8RB. The slow recov- 
ery rate of IL-8RB may be due to the fact that IL-8RB has 
a high affinity for IL-8; therefore, it dissociates from IL-8 
slowly. 

It has been reported that neutrophils secrete IL-8 (22, 
24, 25). We detected approximately 0.1 nM IL-8 by 
ELISA in culture supernatant incubated with neutrophils 
(10 6 cells/ml) for 1.5 h at 37°C (Fig. 6). This level of IL-8 
would have some effect on the expression level of IL-8RB 
according to the results shown in Figure 3. To investigate 
this possibility, we added 10 ^xg/ml of neutralizing anti- 
human IL-8 mAb, 6G4 (26), to the culture containing neu- 
trophils whose IL-8Rs were down-modulated by IL-8 and 
analyzed the recovery rate of IL-8RB at various times. The 
addition of 6G4 mAb enhanced IL-8RB expression; how- 
ever, the recovery rate of IL-8RB was still slower than that 
of IL-8RA (data not shown). 

Discussion 

In the past, the regulatory mechanism of IL-8R expression 
on human neutrophils by IL-8 was investigated by detect- 
ing the remaining IL-8R on the cell surface with [ 125 I]IL-8 
(17-19). The experiment shown in Figure 1 demonstrated 
that we could use FITC-9H1 and FITC-10H2 to detect 
IL-8RA/B on human neutrophils that were preincubated 
with IL-8. These mAb were originally selected for their 
abilities to inhibit [ 125 I]IL-8 binding to IL-8R A/B at 4°C 



(6, 20) and were shown to bind to the N-terminal portion 
of each receptor. Therefore, it may not be surprising that 
mAb 9H1 and 10H2 could detect almost all IL-8RA/B, 
respectively, even after neutrophils were preincubated 
with IL-8. 

It has been generally accepted that IL-8RA/B have sim- 
ilar high affinities for IL-8 (3, 8-12). However, our results 
obtained from the comparison of the EC 50 of IL-8 (Fig. 3 
and Table I) and the K d of each receptor for IL-8 (Fig. 4 
and Table I) clearly demonstrate that IL-8RB has a higher 
affinity for IL-8 compared with IL-8RA: we detected sev- 
en- to 13-fold and two- to fivefold differences in the EC 50 
of IL-8 and the K d values, respectively. Our finding of a 
two- to fivefold difference in the affinities (K d ) of IL- 
8RA/B for IL-8 does not necessarily contradict the previ- 
ous findings for the following reasons. First, for other cy- 
tokines, the magnitude of difference in the affinities 
between a high and a low affinity receptor was at least in 
the range of 10- to 100-fold (23). Since the difference in 
affinities of IL-8RA and IL-8RB for IL-8 as determined by 
the Scatchard analysis is only in the range of two- to five- 
fold, the affinity might be concluded to be similar (or the 
same), especially compared with those for MGSA. For 
example, Cerrett et al. (10) reported the K a of IL-8RA and 
IL-8RB to be 5.5 X 10 8 and 1.9 X 10 9 , respectively, but 
they simply stated that IL-8RA/B had high affinities for 
IL-8 even though they observed biphasic patterns of ligand 
binding in some human donors. Second, during our Scat- 
chard analysis, we tried to block the binding of IL-8 to one 
receptor to determine the affinity of the other receptor, but 
the blocking methods were not 100% effective. This in- 
complete blocking would narrow the measured difference 
between these two receptors. Therefore, the actual K d dif- 
ference between these two receptors would be greater than 
what wc and others observed. A more accurate comparison 
of the relative affinities of IL-8RA/B might be obtained by 
evaluating the EC 50 of IL-8 for receptor down-modulation, 
since these values were obtained without the extra IL-8- 
blocking step, and receptor modulation by the ligand may 
require an interaction at specific binding sites that may be 
more relevant in their physiologic functions. 

The results presented in Figure 4 show that IL-8RB, but 
not IL-8RA, was down-modulated by MGSA, confirming 
the previous report of the promiscuous nature of IL-8RB 
and the IL-8 specificity of IL-8RA. The IL-8RA that has a 
lower affinity for IL-8 could not be down-modulated by 
MGSA, since its affinity for MGSA is much too low. For 
other hemopoietic growth factors, such as IL-3, IL-5, and 
GM-CSF, the high affinity receptor shows cross-reactivity 
to other related growth factors, while the low affinity re- 
ceptor shows specificity for the particular growth factor 
(27, 28). Although no structural similarity exists between 
the IL-8R and other hemopoietic growth factor receptors, 
the principle that the high affinity receptor shows cross- 
reactivity to other related growth factors and the low af- 
finity receptor shows specificity may also apply to IL-8R. 
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The EC S(] of IL-S required to down-modulate IL-8RB 
was almost 10 times lower than thai of MGSA (Fig. 3, 
donor 3); however, we observed only a 1.5-fold difference 
in the affinities of IL-8RB for IL-8 and MGSA by Scat- 
chard analysis (Tabic II) even though the difference was 
statistically significant (p < 0.05). The more drastic dif- 
ference in the EC 5[J of IL-8 and that of MGSA could be 
due to the fact that IL-8RB modulation by the ligand may 
require an interaction at specific sites beyond the simple 
total binding, which was detected during the Scatchard 
analysis. 

In the course of inflammation, resident macrophages 
and fibroblasts, located at the site of inflammation, secrete 
IL-8, and this secreted IL-8 gradually reaches nearby 
blood vessels. At a distant site, the concentration of IL-8 
could be in the picomolar range; the IL-8 concentrations in 
the blood of burn patients (29) and early stage adult re- 
spiratory distress syndrome patients (30) were reported to 
be 27 and 770 pM, respectively. At the low picomolar 
concentrations of IL-8, IL-8RB would receive the IL-8 
signal first and initiate the migration of neutrophils toward 
the inflammatory area, as shown in Figure 5. As neutro- 
phils migrate closer to the site of inflammation, the IL-8 
concentration can increase to the nanomolar range. The 
concentrations of TL-8 in the sputum (the site of inflam- 
mation) of patients with chronic inflammatory airway dis- 
eases are reported to be range from 1 to 9 nM (31). At 
these IL-8 concentrations, IL-8RA would be the major re- 
ceptor involved in mediating the IL-8 signal, since few 
IL-8RB would remain on the cell membrane. This hypoth- 
esis is further supported by results obtained from patient 
samples (S. Fujishima manuscript in preparation). 

The results presented in Figure 6 show that the recovery 
rate of IL-8RA expression was rapid after down-modula- 
tion, while that of IL-8RB was slow. This observation sug- 
gests that at the site of inflammation, the low affinity IL- 
8RA may play a major active role in transmitting the IL-8 
signal due to its rapid recovery rate, while the high affinity 
IL-8RB would play a minor role due to its slow recovery 
rate. An important function of the high affinity receptors 
for the hemopoietic growth factors has been suggested to 
be the internalization and degradation of ligand, since the 
ligand-receptor affinities are high enough that the ligand 
is less likely to be dissociated from the receptor (23, 28). 
In the G protein-binding, seven-transmembranc domain 
thrombin receptor, it has been suggested that the receptor 
is then internalized shortly after activation, and the ligand 
bound to the receptor is dissociated and degraded in the 
lysosome (32). The resulting free receptor is then recycled 
to the cell surface membrane. IL-8 bound to the receptors 
was shown to be internalized and degraded in lyso- 
somes (17). The slow recovery rate of IL-8RB suggests 
that the high affinity IL-8RB may bring IL-S to the ly- 
sosome, where it is degraded. This subject needs further 
investigation. 



Our present study shows the different affinities of IL- 
8RA/B for IL-8, which may result in differential function; 
the low affinity IL-8RA may play an active role in medi- 
ating IL-8 signal in the inflammatory area, while the high 
affinity IL-8RB may initiate the neutrophil migration in a 
distant area of infection. These findings may help in un- 
derstanding the interaction of chemokines with their sev- 
en-lransmembrane domain receptors and could facilitate 
the development of anti-inflammatory therapeutic drugs. 
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